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ABSTRACT 


The climate of Trinidad in the period 1921-1966 has 
been investigated for evidence of fluctuations. Pressure, 
temperature and precipitation are the main climatic elements 
examined, Statistical methods are employed to test the sig- 
nificance of fluctuations; among these methods are cumulative 
means, percentual deviations from means, comparison of means 
of different periods and variance spectrum analysis. The 
Vor lLabiligyeory Wands oscidtati onstin! precipitation@areralso 
examined and effects of climatic fluctuations on the water 
balance are investigated. The extent to which these fluctu- 
ations may be reflected in or confirmed by tree core samples 
is explored. 

The results of the analyses indicate that the climate 
of Trinidad over the past forty-six years has not remained 
Sstati@e?;cbut that Stiigniticant fluctuations havesoccurreds 
These fluctuations are not identical at all stations analysed, 
but there are very close similarities. Fluctuations of irreg- 
iene lengths have occurred in the temperature of the island, 
and the period under investigation has been dominated by an 
increase in temperature between 1933 and 1958, and a decrease 
thereafter. The overall temperature increased by about 4.8°F. 
during the period of warming and decreased by about 3°F, dur- 


ing the period of cooling. There have also been fluctuations 


Digitized by the Internet Archive 
in 2023 with funding from 
University of Alberta Library 


https://archive.org/details/Granger1971 


of mean sea-level pressure with an average period of eight to 
ten years. The greatest decrease in this element occurred 
aeeer i956, 

the analyses of the rainfall data show that fluctua- 
tions of an average length of about eight to ten years have 
occurred, and that since 1957 there has been a tendency to- 
wards increased aridity at all stations examined. Some of 
these fluctuations are statistically significant when compared 
with one another, but become relatively insignificant when com- 
pared with the whole period. The decrease after 1957 is sta- 
Wececallye=signizicanteat allb“stationswanalysedw" Further’? 
variance spectrum analyses of annual and dry season precipita- 
tion data have isolated oscillations of 5 and 6.6 years at 
most stations except one, (St. Madeleine) where an oscillatory 
period of 2.5 years seems to be predominant. 

Water balances calculated by the Thornthwaite method, 
and dendrochronologic evidence corroborate the fluctuations 
andpescatiatiens=ini precipitation. -)The-deficrts and surpluses 
in moisture show oscillatory periods similar to those shown by 
the variance spectrum analysis. Tree-ring samples taken in 
the island verify some of the fluctuations in precipitation al- 
though the tree-ring records did not span the whole period 
under review. 

The study points out the implications of these climatic 
fluctuations for the water supply requirements of the island, 
and recommends sthat continuing research into climatic fluctu- 


ations might profitably be on a wider regional basis. 
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CHAPTER’. 
INTRODUCTION 


Over the past three decades, an increased awareness 
of the variability of climate has led to numerous studies of 
climatic fluctuations during the period’ of instrumental 
meteorological records. Despite the fact that many of these 
studies are based on different materials, different periods, 
and different methods, it is possible to draw certain tenta- 
tive conclusions from them, Climate is varying continually 
and seemingly randomly, because of endogenous atmospheric 
processes of which the fluctuations that produced the ice 
ages are long term spectacular manifestations, : 

In 1953, the World Meteorological Organization saw 
fit to incorporate this inherently dynamic aspect of climate 
Inco a rederinitionm of climatology. “lt described 2t tas 

"the statistical collation and study of observed elements 
or derived parameters of the atmosphere, particularly in 
relation to the physical and dynamical explanation or 
interpretation either of the contemporary climate pat- 
terns with their anomalous fluctuations or of the long 
term climatic changes and trends." (Gordon, 1953) 

There seems little doubt that from the end of the 
last century to date, there have been significant changes 
in temperature, rainfall and atmospheric flow patterns. 


Indeed, it is possible to account for the whole geographic 


distribution of temperature and rainfall changes (apart of 
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course, from micro-scale and local changes due to urbaniza- 
tien, ai rorestation, Over—cropping, irrigation, etc.) in 
terms of changes in the general circulation. The findings 
indicate that the primary effect of causative factors may be 
hidden in, or quite distorted by, the resulting effects 
brought about by the modifications of the general circula- 
tion through the distribution of land and sea. Sutcliffe 
(1960) has suggested that it is quite probable that the 
atmosphere has the inherent ability with its non-linear pro- 
cesses to bring about changes of itself, and far too little 
weight seems to be given to the built-in variability of 
climate. Even though some of the fundamental causes of this 
variability have been correctly identified in various peri- 
Odicities, there remains a great mass of interacting phenom- 
ena. Until all of them are identified, these must be con- 
sidered as producing random variations, 

So far, there has been a vast amount of research 
done on climatic fluctuations; however, the emphasis has 
been on fluctuations in middle and high latitude regions 
which have accumulated the longest series of instrumental 
data. The tropical regions still remain to be intensely 
investigated. One of the drawbacks usually seized upon to 
justify the paucity of studies is the unavailability of suf- 
ficiently long series of data. With respect to length of 
data series, it must be pointed out that knowledge of cli- 


mate is gathered, transmitted, analysed and learned in 
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3 
numerical form to a greater degree than is true of most other 
aspects of, the physical environment... Furthermore, it is, also 
true of. most aspects of atmospheric behaviour that the data 
fall under, or are approximated by the Gaussian distribution 
curve. Thus, the arithmetic mean, and the median are useful 
indicators of its central tendency. Also, in the humid- 
tropical environment means are stabilized by periods of 
record short in comparison with those required in higher lati- 
Gouges.. iL, follows, thatthe predictive value of. the climatic 
record, in what-ever form it is presented--means, frequencies 
or extremes--is Boe in the humid-tropical environment, 
encgmoaca,avVad lability in terms of the) length of records, is 
not perhaps the impediment to climatic studies it is made out 
toube. 

It is well known that variations on the scale of a 
few weeks superimposed on the annual cycle certainly exist, 
and extraneous causes need not be looked for, but there are 
also the variations in Seasonal weather from year to year. 
From the internal evidence, especially the large magnitude of 
the wiyeau suo, year Vatiations,..and. the, relatively jsmaldsmagni- 
tude-of any. likely extraneous, disturbances, itjcan, be infer- 
Mad ethat. the veanr, to yearn variations, ane yindeed ;bua Lt-in 
characteristics of the OST Whether this line of reason- 
ing can be validly applied to long term changes and trends 
is quite uncertain. It is perhaps true that each phenomenon 
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funcamental physical laws’, - Inability tosee“the system “asa 
whole, and ignorance of the operations of the mechanisms of 
change confer an apparent randomness, and an unusual and 
enigmatie character on “climatic fluctuations: 

It is now generally accepted that the most striking 
Peature of climatic Eluctuations during the’ipast “century Has 
been a warming in many parts of the world since 1850 until a 
decade or two ago, when, in some places, there appears to be 
a levelling off ora fall in temperature. ‘Labrijn’'\(1945) has 
shown that until 1945 there was a general rise in winter mean 
temperature in the Netherlands from about"1790 onwards and‘a 
slow increase in summer mean temperature from about 1800 until 
the end of the nineteenth century. Thereafter there was a 
decrease until about 1920 followed by another rise. In Ice- 
land, Eythorsson (1949) found a steady rise in annual tempera- 
Eure OL about o1°C “from approximated yr 6-25 "to 1926=35, 
while Hesselberg and Birkeland (1956) and Hesselberg and 
Johannessen (1958) showed that there was a rapid rise of tem- 
perature at Norwegian stations in 1917-22, continuing “at *a 
slower rate -Gbcc. h=thereatter, aeaching “apeak far £9390" and 
showing a reversal of the trend in 1940-50. Rubinstein (1956), 
in a detailed study oLvelimalre changes™im the Uss (Ss YR dur 
img ethe sthirty to lorty years before’ 1950-557" founda warm- 
ing trend most noticeable in the winter months. This trend 
culminated an the 1930"s.) “Ini a-study of temperature “trends 


in Canada sup to 1952, *“hongley-~(1953) found ™that "the 350 "s 
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5 
was cold with a minimum in 1878-80 and that warming has occur- 
Pedattocil districts ‘since then. He:also foundithat the 
fluctuations from about 1900 onwards were by no means the 
same in-all.districts, and that there were minor fluctuations 
varying in space and time. For the Middle-East, Rosenan 
(1960) reported that annual temperature showed a minimum in 
Bnevdecades .b890-1910,, anarEise.of..5°C. to 1°C: 4in 1900-30 
LO Lloweds by a dropuin the’ 40!'s.and.a#rise.in,the 50's. 
Pramanik and Jagannathan (1954) found no general tendency for 
an Pee case Or decrease in maximum or minimum temperatures 
abaany station i inaten but they indicated that the data for 
some stations suggested a "cycle" of 30-40 years. 

So far, most of the studies seem to indicate that the 
fluctuations were most pronounced in the middle, high and 
polar latitudes of the northern hemisphere, apparently nega- 
ye in.the polar. latitudes.of the southern HonneeToee and 
relatively insignificant in the tropics, except in Australia 
and South America where an increase has been shown. Apart 
from the Indian studies, the only other tropical studies of 
which this writer is aware are those of Dubief for North 
Africa (1960) and De Boer and Euwe (1949) for Indonesia, 

The former maintains that as far as temperature is concerned 
there may have been slight changes in the area in the last 
fitty ayveaus,+although»this,is debatable: » The latter drew 
attention to a fluctuating but almost continuous increase in 


the value of the mean annual temperature from 1866 (25.9°C.) 
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6 
SCowanas (27,0-C.. in 2940)" "At about’ £647 “there was a” arecon- 
tinuity in the temperature rise. Schmidt-Ten Hoopen and 
Schmidt (1951) also indicate that this discontinuity was due 
to a decrease in the values for January to April beginning 
about 1910 and reaching a peak in 1921, 

Studied in detail, the findings of various workers 
in respect of temperature fluctuations do not present a simple 
picture by any means. In trying to fit the many bits of evi- 
dence together one can hardly avoid the conclusion that dur- 
ing the period of instrumental records, there has in fact 
been a fairly general if not over-all warming at least up to 
about 1940. There can be no doubt that the rise has not been 
uniform or symmetrical in respect to the poles, being least 
or nil in the middle latitudes of the southern hemisphere, 
and greatest in the high latitudes of the northern, especially 
in areas bordering the Atlantic ocean. 

It is even more difficult to obtain a coherent pic- 
cure OL rainfall) fave tations on a regional basis than it is 
for temperature. Long term trends are lost in the normal 
short term variations and the consistently greater predomi- 
nance of year to year variability over much smaller climatic 
fluctuations makes it imperative to test the reality of any 
alleged fluctuations. Lysgaard (1949) reported that the 
rainfall variation during the period 1910-40 showed positive 
anomalies for the Arctic and North temperate zone, in Mexico, 


in Southern India and South-west Asia, but negative anomalies 
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Over the greater part of the. United States, northern.South 
America, Africa, Malaya, and Australia. While no comprehen- 
sive study of secular variations appears to be available for 
Canada, the studies of Thomas (1955) for the Atlantic coast 
and of Kendal and Thomas (1956) for the Prairie Provinces 
indicate that there was a trend towards smaller annual 
amounts in some areas. Dingle (1955), in a study of the 
change of precipitation patterns over the United States in 
the apast, Sixty jyears.did not find any .trendssin; any. part..of 
the country and Landsberg (1960) agreed that there were no 
Significant rainfall changes in the region. In a study of 
climatic fluctuations in Palestine since 1750, Neumann (1960) 
indicated seaymarkedyrise-in rainfall .from,. 1870 .to,avhigh level 
in-1890;, then.a rather sharp fall:until about. 1920, and fin- 
ally a fall in 1920-50. .0f.10% below the 1846-1958. level. 
Raoveinuasel| I60.sctudyetorsindia, concluded that. therelhave been 
no,Statistically, significant..changes in.either ,the ,annual).or 
seasonal rainfall during the past eighty years. This con- 
firms the findings of Pramanik and Jagannathan (1954). 

By far the most interesting studies of rainfall 
fluctuations for tropical regions have been made by Kraus 
(1954, .1955a, 1955b, 1958). In his*paper, “Secular Changes 
of Tropical Rainfall Régimes" (1955a), he indicated that 
tropical rainfall decreased abruptly at the end of the nine- 
teenth century. He suggested a contraction of the rainy belt 


and a shortening of the wet season as the primary causes. 
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From the various studies referred to above, it does appear 
that something happened about the end of the last century to 
affect rainfall régimes in the tropics, 

Studies by Ahlmann (1948), Leopold (1951) and Petter- 
ssen (1949) have-indicated )that there have been variations-in 
temperature andwsecular changes jin precipitation in /the stxrop- 
ical areas of the Atlantic and the Caribbean Sea. They indi- 
Gace {too 7,ethate these variations kare bound: up! with fand closely 
related ee variations in the general circulation over these 
regions. Indications are that in these areas, temperature 
fluctuations have not been spectacular and some estimates are 
that there has been a rise of between 0.5 and 0.7°C. Secular 
changes of rainfall however, seem to be of a magnitude suf- 
ficiently large to be of substantial consequence, 

While it is generally recognized that changes in 
amountisana: spatial.distributwon iof waintialisein hehe: ceropecs 
are of importance, CR eee in régime, frequency and reliabil- 
ity could, sn icextain cases, be of criticakh import to agri-=- 
culture and the water balance as a whole. If, as has been 
suggested, the rainy season has been shortened and/or has 
become less wet and complementarily, the dry season has be- 
come longer and more intense, the effects on the water 
balance, end! on agricultural pursuits), couldrbe of/ifar- meach- 
ing consequence. Soil moisture availability, and the pro- 
vision of water for domestic and industrial purposes ina 
tropical area of increasing population are matters of prac- 


tical concern. This writer is not unaware that factors 
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Siler Chane eclumaticatluctuations, can produce simi lar,effects 
on the water balance: for example, increased urbanization 
waach, changes infiltration rates, and deforestation and. in- 
creased agricultural .acreages. which affect run-off rates... It 
is in recognition of the innumerable problems that can pos- 
Sibly arise from.climatic fluctuations of the type and magni- 
tude indicated by the various studies alluded to that this 
preliminary inguiry was undertaken into climatic fluctuations 
Mew Ganka ».anjai.sland on she, Southern Caribbean... The, study 
aims at (1) establishing the existence or non-existence of 
climatic fluctuations in Trinidad between 1921 and 1966, 
their spatial and temporal extent and their magnitude; (2) 
examining and analysing fluctuations in amount and periodic-— 
muy -Ot, Precipitation andtthe effects of. .these.on «the, water 
balance equations and (3) assessing the extent to which these 
fluctuations may be reflected in or confirmed by tree-core 
samples taken in the island. 

in, Glima tic Se heep Ene wwords a" Vabiationy i luctu— 
ation" and "change" are used by different researchers. in 
quite, different scenses., .In what follows, “variation” refers 
to a short-term change in climatic elements for periods of 
a year or less; "fluctuation", on the other hand, connotes 
avsustained mise on fally)in the.mean value of climatic ele- 
ments fon peuiods. of from five.to fifteen yearns, while 
"Change" means an upward or downward movement of the mean 
value of an element with a high degree of persistency over 


longer periods. 
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Past research in climatic’ change has* demonstrated 
that deductions are largely dependent upon how the subject 
Matter iis treated, /Climatelogists arelihn agreement thatea 
long-term study of temperature and/or precipitation should 
give an indication of the presence or absence of climatic 
changes in any given locality, but no standard method exists 
as to how these elements should be analyzed, or more impor- 
tantly, what reality tests other than the usual statistical 
ones should be applied in order to prove their significance. 
tevhas= been argued in Climatological circles )+that in®™the 
study of time series, particularly rainfall, it is desirable 
to have records for a long period of 80 to 100 years, other- 
wise results based on short-term records are likely to be 
misleading, and that actions on any fluctuations in short- 
term data should therefore be guarded. If validity of this 
argument is granted, then no work will be done for a long 
time ane tropical regions Since very few, if any network of 
stations in this part of the world yet has meteorological 
records for longer than the past 30-35 years. Court (1970) 
indicated that from a forecast and predictive point of view, 
when the median rather than the mean is used in the computa- 
trons) va“ period-or fifteen years gives*better results’ than 
longer periods. Most of his research however, was centred on 
the United States, western Europe, Israel and Bermuda. Also, 
it has already been pointed out that records which may be 
deemed too short in mid-latitudes can give reasonably reliable 


results in the humid-tropics. 
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Again, for all regions there may be several periods 
within the record where rainfall has deviated considerably 
from the long-term mean and, although not being statistically 
significant on a long-term basis, it must have been quite 
Signpeieant -Loyagriculture in the jnegion. melteiis unfortunate 
Ehat .there sare sno.established tcriteria.ias totwhat length of 
records should be used for testing the statistical significance 
of a fluctuation in a climatic element. A fluctuation that 
seems highly important, from a practical point of view, may 
also be statistically so by using a short period of record, 
but may become insignificant by using a long period of 
record. 

Methods of determining the existence and magnitude 
of climatic fluctuations and change are many and varied, 
ranging from the traditionally simple analysis of departure 
from "normal", or the use of running-means, to the modern 
and more advanced variance-spectrum analysis of a time series. 
Each of these possesses advantages and limitations. "Moving 
averages" is a popular traditional method and though it is 
relatively simple and straight-forward it gives results which 
need to be accepted with caution, since no satisfactory 
statistical test if significance isiravaitebleytonassess las 
prominent, even those deviations which moving averages reveal 
as such. "Comparison of means of different periods" is a 
well recognized method and here the statistical "t"-test of 


significance can be employed. 
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12 
Kraus has investigated fluctuations by means of resid- 


ual mass curves. The quantity plotted graphically is: 


Lo = L002 ee ae He) ag. & e ° ° e ° ° e ° (es) 
£=1 ex 
nx, 
The constant, C = 1002(—- - 1). In this method, Kraus does 
Ake ees 


not apply any statistical test of significance for the fluc- 
tuations and his conclusions depend mainly on what may be 
seen from the ae Graph. Barnard (1956) in a paper “Some 
Comments on Mr. Reynold's Notes," pointed out that while 
cumulative residuals are undoubtedly valuable, they need to 
be used with proper caution. He further stated that "it may 
be true that changes in a time series are often apparent on 
such a graph, but it is equally true that many such immedi- 
ately apparent changes will turn out not to be real ones," 
This writer recognizes the validity of most of the 
criticisms levelled against the various methods but feels 
that some of the apparent limitations can be overcome if the 
results or conclusions are qualified by clear statements of 
the assumptions made. Wherever it is possible, methods that 
lend themselves to statistical tests are used in this study. 
For example, comparison of means of different periods and 
the statistical t-test,of significance are employed Co test 
whether the mean of a sub period is significantly different 
from the mean of a long period. Thus if x is the mean of 
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where x is the mean for the entire period of n years. Then 


it is shown that: 


. 


yc ony oe 
where ie ited iS distributed as Student's t with n—-2 


degrees of freedom and s is the standard deviation of the 


a {k (n-2)/n-k-kt2}7/? gia g ot SMa ee 


entire series. The normality of the series is not only 
assumed but has been tested. In addition, sub-periods are 


compared with one another uSing the expression: 


>» 2 BSD 
i=) Jet 
2 a2 
fo) 6) 
Tce 2 
N2 2 
with (nj+ n2 - 2) degrees of freedom, x; and x2 are the 


means of the respective sub-periods and n; and n2 the number 
of years in each sub-period respectively. Variance-spectrum 
analyses of the precipitation data for Trinidad were performed 
in an effort to discover oscillations that may be present in 
the series. 

The data used in this study consist largely of time 
averages and totals chiefly for units of one month. This is 
a choice of necessity, determined by the need to simplify and 
to extract the utmost use from the data available. It must 
be emphasized however, that mean values of variable quantities 


are used as representations of the changing phenomena of 
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14 
nature. It is presumptuous to claim. that certain tradition- 
ally defined means have: physical reality; that they faith- 
fully depict the real world rather than provide an abstract 
pecturesuserul in certain’ contexts. jAyerage values are taken 
over particular space-time dimensions and have meaning only 
for these dimensions. 

In Trinidad in 1966 there were about 154 rainfall 
Obseervingwstations. Four of these also collected other 
meteorological data; Figure I shows the location of these 
stations. The large circled numbers are hydrometric area 
designations. Of those stations that collected rainfall data, 
twenty-two had records for more than fifty years; thirty had 
records between thirty and forty years long, while fifty had 
records*“anging from ten to fifteen years. The records of 
rainfall are in fact extremely variable in length ranging 
from fifty-eight to three years. In order to limit the size 
of this investigation to reasonable proportions, and to obtain 
results of the most general significance, ten of these sta- 
tions were selected for use in the ensuing analyses. Their 
selection was based on length and continuity of record, and 
on the homogeneity of the data. Relevant information about 
each station is given in "index to station"--Appendix, \ypi- 
eal Of the tropical regions: is the fact-that first onder 
stations are few. Such stations tend to have come into exis- 
tence at the beginning of World War II and to be located at 


airports where a knowledge of terminal conditions for aircraft 
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Trinidad 


Location of Rainfall Recording Stations; 
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16 
is the primary concern, Other stations of long duration of 
observation tended to be associated with research institutions 
as is the case with St. Augustine and St. Clair, or with cocoa 
and sugar cane plantations which tend to concentrate on the 
measurement of rainfall. Thus there are only two first order 
Beacrono an trinidad: St. Clairvand Plarco* airport, ~The 
latter became operative in 1946. However, the stations selec- 
ted for this analysis all have continuous, homogeneous records 
from 1921 to 1966 inclusive and are thought to be representa- 
tive of the rainfall régimes of the island as a whole. 

The basic elements analysed are temperature, precipi- 
tation and pressure. Monthly mean daily maximum and minimum 
temperatures, monthly mean temperature, monthly mean precip- 
itation, and monthly mean daily pressure are utilized. The 
data for Trinidad as a whole were taken from the U.S. Depart- 
ment or Commerce publication "Climatological Data, West 
Indies and Caribbean, Annual Summary". The other data were 
abstracted from the eee of the stations themselves in 
Ereinidad, 

In this study, Chapter II describes the research area 
and its climate in general and attempts an analysis of the 
pressure fluctuations. Chapter III deals with the analysis 
of the temperature series, while Chapter IV concentrates 
on analysing precipitation using different statistical meth- 
ods. "Chapter V' attempts: to isolate prominent oscillations 


in the precipitation time series through variance spectrum 


aL ay on 
36 nelssiwh voit Yo. saaisels xeyl0 .Wignady | 
enetsueisern! dotssee: sii fy beds. 1poren-se¢ ed om ae h 
‘poser diiw to .7isl> .14. Bie arctée cd 33 colle eaes 
ot? @0 Sfiertgecnes of tpss wot sig lsbean kg ati 
Shdwto Geeta over pire Sin stitia sorte LTA SaSee age 


aff .d@raqsic coc es i 03 * oii ee 


j 
tom 
yy 


“SHiSE€ BAOLISI= sil SQvVvow yr Of a isesaqe Suna 
| ; aes 


i j : 
eHicoos. svcQunc eon. sO De UT et Pol» ee | eee #-42h platy " 
, a | ; i ( : 7 
- SIeSTSG6 i ea Qs oF Ww ats Dre SYEReGISgh @9c!. of ral 


afomw. 6 e6 bal 4 to EsubeeS Leas lag Saas ws 
“S0Gle820 ,©1982So79) Sia Dseuler Jain Ts. eieed ant? 


oumicia fee munixsd: (oiled ssi -salddnet (aeyReega aie 


. - 

—ShSeky ase Viti Li¢ ; OO SIS aires a yt ison ae 
any hs tur Ss =; =f bam icine ia 
“S$iteG60 .2.U Std cost hodeg Syex ate att E245 ld bn ba 

qa .2748G: teclpolégsacto" a sncdelttg ae] 
eure 2255 aeitis' ony .. "vxemitine. Deuraa wredleted rn 
AS SaVissmMads-eeoriscie sid) i> Pgerd5e4. 29 53 
7) ae - 


pee a Ki IT BWJaath Lhute whey ma 


vin 
ios VI me RAED thee. ,aeliss a 


aa sand? EF nikkeu Kosled tytoeag 9 


dastiaqaag’ reenaiod ot Signet se ¥ 


reg 
analysis. The consequences of the findings described in 
Chapters II to V are discussed in Chapter VI with reference 
to the water balance, and dendrochronologic evidence is adduced 
to compare these findings. In Chapter VII the conclusions 
arrived at are enumerated and suggestions for further research 


are made, 
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CHAPTER, £2 
THE STUDY AREA 


The island of Trinidad, the most southerly of the 
West Indian islands lies off the north-east coast of South 
Pmerrcaybetween 10°3") and 10°44" northt atitude, and) between 
G025>*> and 61°56" west longitudes” -Rectangulkarly(shaped, i 
covers a eee of about 1,863 square miles, The island falls 
into six fairly obvious topographical regions shown in Figure 
Zane NOLEhern mecneraieend Southern renges and) the. Caroni, 
Naparima and@Nariva plains. |The northern section of the 
island, the Northern Range, comprises an east-west range of 
densely forested mountains eight to ten miles wide and vary- 
ing in height from 1500 feet to 3000 feet. Along the south- 
ern coast there is a range of hills considerably lower than 
the Northern Range. The highest point is 997 feet above 
mean sea level and it merges for much of its length into a 
Surrounding peneplain. A chain of hilis,) the Central Range, 
runs diagonally across the centre of the island from north- 
north-east to south-south-west. Ur hasvat pugme posamtnort 42009 
feet. The lowland areas consist collectively of dissected 
alluvial terraces, dissected peneplains and several large 
areas of almost perenially inundated swampland. 

The monthly mean temperature of Trinidad shows a 


relatively consistent distribution. The annual range of 
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Figure 2 


Map of Trinidad, West Indies, showing physical features. 


temperature is about 3.5°F. The diurnal range however is 


quite large. The mean diurnal range over the period 1921-66 


was 18.8°F. The mean daily maximum temperature is 89.6°F. 


while the mean daily minimum is 70.8°F. The island may be 
said to experience its four seasons every day since the diur- 
nal march of temperature is analogous to the march of sea- 


sonal temperature in mid-latitudes. This is characteristic 


of most areas in the tropics. 
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The sun is vertically overhead twice annually and so 
the region experiences two temperature maxima, one in May 
hoeo ee) cand athe Other im “October (81 J0°R.)). February is 
the coolest month with a mean temperature of 78.3°F. This 
temperature figure however is only 0.1°F. lower than the mean 
temperature for January. The hottest months are May and 
SecoOber With May being ythe hotter by..0.8°F. “The period of 
overhead sun is not the hottest period. There is a lag of 
about enone a half months between the time of overhead sun, 
and maximum annual temperature. In addition, the period of 
Greatest warmth is the wet season when presumably cloud build- 
up is at its maximum and the "green house" effect is accentu- 
ated. Further, the increased day length during that time of 
year makes for slightly longer periods of insolation and 
heating. 

The climatic year in Trinidad is divided into two 
seasons, a dry season lasting roughly from January to May, 
and a wet season lasting roughly irom June co December. the 
dry season is a period of comparatively strong trade winds 
blowing from the east-north-east and attaining an average 
speed of about seven knots during the day. The wet season is 
a period of heavier rainfall and weaker winds blowing from 
the east or east-south-east. It is also during the wet sea- 
son that hurricanes occur. The dry season is not entirely 
dry but is a season of lower average monthly rainfall than 


the wet season... The beginnings. and endings of these: seasons 
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are liable to vary somewhat from year to year. Figure 3(a) 
shows the distribution of mean annual rainfall in Trinidad 
while Figure 3(b) shows the mean monthly distribution for the 
period 1921-1966 for nine selected stations in the island. 
(See Figure 2.) 

The causes of the rainfall in the dry seasons are 
Open to dispute. Riehl (1945), and Powis and Thompson (1945) 
consider that the rainfall of the Lesser Antilles in the dry 
season 1S due to outbursts of polar air from the North Ameri- 
can Bete inert moving south east across the Caribbean Sea giv- 
ing rise generally to aes of instability showers but occa- 
sionally to prolonged spells of disturbed weather. Marsden 
and Fairley (1946) who investigated the weather of the area 
during the dry season, January to April 1946, concluded that 
the rainfall was not due to any cold outbursts but occurred 
in definite belts of two types which moved into the Caribbean 
Sea from the Atlantic. They suggest that these might be the 
remains:of old cold fronts which had moved along the eastern 
side of the Azores high. They further noted that the cloud 
formations and sequences of the type which gave the worst 
weather were, Similar ‘to those, of warm fronts of temperate 
latitudes, On the other hand, it is generally agreed “that 
the rainfall during the wet season in which most of the 
annual rainfall occurs is due tO waves in the deep easterlies 
and to quasi-periodic oscillations in the inter-tropical con- 


vergence zone which is then south of the latitude of Trinidad, 
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24 
‘During each of these seasons there is the additional effect 
of topography as a precipitation inducing factor. 

in his study of ‘rainfall distributdon! of’ Trinidad, 
Garstang (1959) indicated that discontinuities in the hori- 
Zootal plane which may arise from differences in aizx masses 
may be discounted, and that vertical transportation of air 
erenex in the formvor convection, orographic lifting ‘or \wide- 
spread convergence or all three factors in a single complex 
pattern are of over-riding importance in the rainfall dis- 
tribution pattern in the island. During the dry season the 
Yainira ll ese £ohlows the relief’of the isiland* fairly 
closely, “suggesting™that during a period when ‘dasturbances of 
a synoptic scale are few, local features govern the distribu- 
tion of precipitation. During the wet season relief no longer 
dominates the pattern, 

There are three distinct periods in the region which 
co-incide with the seasonal variation of the wind and mois- 
ture field in the lower troposphere--June through October with 
a consistently high moisture level; January to April with low 
humidity values and an intermediate period in which the mois- 
ture levels climb or descend. Monthly averages of hourly 
relative humidity and monthly averages of hourly wind speeds 
in knots for the period 1946-66 inclusive were abstracted 
from the record of observations at Piarco. Plots of the mean 
of the two elements for the twenty-one year period are shown 


in Figure 4. There is an inverse relationship between the 
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and wind speed at Piarco Trinidad,1946-66 at St Augustine and Piarco, Trinidad 


mean relative humidity and the mean wind speed. In the 
period January to May when the relative humidity is lowest, 
the wind attains its highest speeds. The converse is true 
in the period June to December. 

Mean monthly sea level pressure at Piarco computed 
from observations made at eight synoptic hours, and mean 
monthly sea level pressure at St. Augustine computed from two 
daily recordings--0800 local time (1200 G.M.T.) and 1600 
local time (2000 G.M.T.) respectively are averaged over a 
period of twenty-one years for Piarco, and thirty-six years 
for St. Augustine. These give curves (Figure 5) with two 
maxima and two minima during the year. The two minima occur 
in April and November--the November minimum being the deeper. 


The larger of the two maxima occurs in July. The amplitude 
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26 
of the curve is between three and four millibars. The char- 
acteristic shape of the curves is representative of the broad 
seasonal changes in sea level pressure which take place over 
a large area surrounding Trinidad, 

The doldrum belt of low pressure lies fairly station- 
ary Over the Atlantic to the east of the Amazon throughout 
the year, It extends westwards over the Pacific from the 
Panama neighbourhood, The lack of symmetry in the Trinidad 
pressure curves arises from the peculiar shape of the Ameri- 
cas, and must be explained in terms of the movement of the 
Azores anticyclone, the thermal depression which forms over 
Central Brazil in January to March and the similar depression 
which forms over California in September and October. 

In December, January and February when the sun is in 
the southermost part of its’ course, the thermal low over 
Central America is most strongly developed, the line of low- 
est pressure over South America is therefore displaced to the 
south and Trinidad comes under the influence of the outer 
edge of the Azores anticyclone which at this time of minimum 
intensity is however, extended to its fullest in the south- 
westerly dinection. in April,” the ‘sun fs'overhead tir tthe 
southern Caribbean on its northward course, the thermal low 
over Central Brazil has disappeared but the new thermal low 
over California is beginning to form. The Azores anticyclone 
retracts somewhat and the resultant line of lowest pressure 


pivoting on the mouth of the Amazon moves nearer to Trinidad 
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and causes the first minimum on the mean pressure curve. In 
June and July the California low has become well developed 
but the Azores anticyclone has also intensified, extended its 
periphery over the Lesser Antilles, and has driven the line 
of minimum pressure over the Central American Isthmus. This 
causes the second maximum in Trinidad. A second minimum of 
pressure is associated with the sun's) seuthward journey. It 
is deeper than the first because the surface temperature of 
the whole Caribbean area has been raised, the seasonal Veraid= 
tion being 4° to 5°F. These relationships are shown in 
Hagubes, 6 and (7. /yPigure, 7: shows the distrabutionof the 
change in mean pressure by means of isallobars. The periods 
chosen for illustration represent the highest rate of change. 
It has just been shown that there are variations in 
mean sea-level pressure during the year in response to the 
sun's migration;\ to’ the characteristic! distribution of land 
and ocean surfaces; and to the thermal. character. of4land and 
sea. Also shown is the fact that the annual precipitation in 
Trinidad. seems-to occur-in-distinct patterns. These patterns 
can be quantitatively classified. The problem arises whether 
it is practical to determine whether circulation patterns are 
uniquely associated with those of precipitation. Extensive 
investigation by Solat (1948) and Namias (1947) confirm the 
view that the mean pressure anomaly chart is a satisfactory 
tool for this purpose. It would be most desirable to extend 


such analysis to upper air charts. However, since sufficient 
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in millibars fora) January and (b) July 


level pressure 
(adapted from Haurwitz and Austin [1944]) 


Figure 6 
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upper air data are unavailable for the time period under con- 
Sideration here, resort must be made to sea-level data. 

Five and ten-year cumulative means of mean daily pres- 
sure at St. Augustine and Piarco In\Trinidadiwere calculated 
for the period for which sea-level pressure data are available. 
The calculations were based on the means for July, for Novem- 
ber and fomieach year. The results\are \jplotted in Figure 8. 
The July curve for St. Augustine shows a rise in mean sea- 
pevel™pressure between 1933 and 1942, anda Eluctudting but 
declining trend from 1943-66. The decline has been very 
rapid after 1957. The November curve indicates that the mean 
sca-léevel pressure of that month increased slightly up to 
1946, and decreased after this period. The greatest decrease 
Ooecurred, at tex 1957". 

The curves for Piarco show identical fluctuations. 
The general indication is that at both stations there has 
been a consistent decrease in mean sea-level pressure for 
duly “since 1942, and an increase.in Mean sea-level pressure 
for November up tO and including 1957. SAtter this time there 
Wasa weversal, It is well to note that tneail the curves 
the decreases after 1957 are most marked. 

The seasonal mean sea level pressure fluctuations for 
St. Augustine and Piarco were also investigated, The periods 
chosen were January to April, and June to November, repre- 
senting the dry and wet seasons respectively. The statistics 


are given in Table 1. The “coefricient Ol variation which 
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November, Piarco. 
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Five and ten-year cumulative means of monthly 
mean daily pressure at St. Augustine and Piarco, 


Trinidad: 
Figure 8 
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TABLE I 


SEA-LEVEL PRESSURE STATISTICS FOR ST. AUGUSTINE AND PIARCO 
(values in mb.) 


ST. AUGUSTINE PIARCO 


DEY. Wet Dry Wet 
Season Season Annual Season Season Annual 


Mean ieiagul Ih Shee, 13.4 eS ESta2 226 
Median LC ee 1A Snes L255 Ege Iepul 122.6 
Standard Deviation 0.6 0.6 0.6 0.4 Om5 0.4 
Variance O14 2 EP0e 5 0.4 PRS. 0.4 O23 
Coeff. of Variation 4.3% 4.6% 4.2% SKS. AYE: 32% 


gives some indication of the variability of distribution in 
time is rather small, although the wet season shows the 
largest values at both stations. This supports an earlier 
suggestion that the wet season is in fact a period of greater 
atmospheric activity. 

In addition to the above method, cumulative percentual 
deviations from the mean of monthly mean daily sea-level pres- 
sure for the two stations were calculated both for the dry 
Season and the wet season. The graph of values obtained is 
given in Figure 9. ‘The period 1933-57 was one of) above aver-— 
age in terms of sea level pressure at St. Augustine. There 
wastinlfactna.steep. rise, whut theretwaslatsteeper dxop after 
1957. At Piarco there were rises in the periods 1945-49 and 
1951-61 andtdecreasesain thei periodsnd9s0=55) andel962-6o6. 

The fluctuations in sea level pressure at Piarco had an 


average period of eight to ten years or alternatively four 
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Figure 9 Cumulative percentual deviations from the mean 
of monthly mean daily sea level pressure for 


two stations in Trinidad . 


to five years of rising pressure followed by similar periods 
of falling pressure. It will be shown later that this same 
oscillatory movement is evident in the precipitation data. 
In the Caribbean region the most prolific single wet 
Season rain producer are perhaps hurricanes, but their rela- 


tively infrequent appearance at any given locality within the 
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poh take 5 


34 
BasternsCaribbean south ofrabout 18°N,. latitude makes it tun- 
likely that they greatly affect the long range averages. In 
Ghe regioncnorth of \18°Np*latitude “and ee ObS7S°W. Slongia— 
tude, and in the Eastern United States and Mexico the effect 
eLpeiucricares on the %préecipitation totals for particular 
months is probably more marked since these areas are affected 
more frequently during consecutive years. During recent years 
there has been frequent speculation on the probability that 
the annual number of hurricanes is on the increase, De and 
Miller (1964) have indicated that over the past seventy years 
an average of eight hurricanes per year has occurred, This 
average has increased to nine per year over the past forty 
years and to ten per year during the past twenty years. They 
have also shown that in 1956 and 1957 the number of hurricanes 
tell off to ‘eight eThis overall. increase is probably due in 
part to better detection techniques, but their figures seem 
to show a significant increase in the number of hurricanes 
beginning around 1930. “The gradual warming of the atmosphere 
began) jas will be shown later), about that time and) che greater 
number of hurricanes may be related to that warming trend. 
During the past several years, the warming trend has been 
reversed and the reversal corresponds well with the time of 
lower frequency of hurricanes. The hurricane season in the 
Caribbean region spans the period June to November, and this 
period is coincident with the rainy season mel rGamidad. 


Attention will be drawn repeatedly to the fact that 
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the total precipitation for individual years has fluctuated 
markedly from the longer-term means; for example 1951. One 
may therefore question how dependent the wet season totals 
for individual years are on the occurrence of hurricanes, or 
whether there is some correlation between the wettest months 
Olathe wet Season and the frequency of hurricanes, ~The 
majority of Caribbean hurricanes occur in the western and 
BOmetnern Caribbean sea, MFigumes 10, /11, iy 13,014) and 
even those that originate in the Eastern Caribbean travel on 


eewesterly trajectory that. iswusually north of #Tfrinidad, 
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80 US 
. Locations where Tropical Cyclones reached hurricane intensity, June, 
Figure 10 1921-66. The two digits at each location indicate the year . 


(Adapted from U.S W eather Bureau Climatological Data National Summaries, Vols. 1-14) 
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Figure 11 Locations where Tropical Cyclones reached hurricane intensity, July 
1921-66. The two digits at each location indicate the year 
(Adapted from U.S. Weather Bureau Climatological Data National Summaries, Vols. 1-14) 


Piistets noc to Say that (@ropical Cyclonesside not. originate 

in the Eastern Caribbean and, that these tropical cyclones 

do not perhaps affect precipitation distribution in Trinidad 
during the rainy season; nor is it meant to deny that some 

of these tropical cyclones may not, and do not develop into 
hurricanes in the eastern and northern Caribbean region. But 
"tropical cyclones" are not synonymous with "hurricanes", and 
the former is only classified as a hurricane when the wind 
velocity within the system exceeds 73 m.p.h., 30 feet above 
ground. The Eastern and Southern Caribbean areas are there- 


fore. least affected “by hurricanes.” “The"hurrrcane or June 
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Locations where Tropical Cyclones reached hurricane intensity, August 
The two digits at each location indicate the year 


Figure 12 
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Scale in miles 


Locations where Tropical Cyclones reached hurricane intensity, September 
The two digits at each location indicate the year 


(Adapted from U.S. Weather Bureau Climatological Data National Summaries, Vols. 1-14) 
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Figure 14. Locations where Tropical Cyclones reached hurricane intensity, October 


The two digits at each location indicate the year 
(Adapted from U.S. Weather Bureau Climatological Data National Summaries, Vols. 1-14) 


1933 is the only one in the entire hurricane record whose 
Centre passed over Trinidad. ° The total rainfall for that 
Junecwas 1l.3". This-as. by no means the highestron the 
record for the period under consideration. June L94a (l7y3"), 
November 1928 (14.9"), August 1949" (14.°9°) 7 June 1958 (14.2") 
and February 1951 (13.9") are examples of higher monthly 
totals. In none of these months however, were hurricanes 
near enough to the island to have influenced the monthly 
totals, the majority of which occurred within the hurricane 
Season. Certainly there was no occurrence of hurricanes in 
Pebruary, 1951. 

It must be acknowledged though, that it is quite 


unlikely that the exact rainfall in any hurricane is ever 
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known, Since after the wind reaches 50 m.p.h. or more, it is 
possible that not more than 50% of the rainfall is actually 
caught in the rain gauge (Tannehill, 1956). In addition, 
where rainfall exceeds ten inches in such short periods over- 
Plow of most vain gauges takes placesw,,On July 26th,» b933.%a 
hurricane appeared south-east of Antigua and travelled on a 
westward path. This storm could have been responsible for 
Bucwi2wo aaches. 1n duly (1933, the largest: monthly total tor 
that year, The only other periods during which hurricanes 
passed within effective distance of Trinidad were the seasons 
Semeto2 Go and l936< On August 3rd, 1928 a storm passed near 
Trinidad. It was not of great energy. Another passed near 
the island on August 7th of that year following the same 
course. It had no great force (Tannehill, 1956). The high- 
est monthly precipitation for that year occurred in November 
G@irAeso")., The storm of August," L93387was first observed not 
far from the north west of Trinidad. In addition there were 
three. storms..in Oetober.and one.in November yof gthat. year pyall 
omlmunor character (Tannenil?), 1956)+*-"tne targest mony 
totals for 1938 occurred in August and November--12.3 inches 
and 12.8 inches respectively. 

Rabe 2 attempts to show the correspondence between 
the wettest months and the occurrences of hurricanes, The 
ten wettest rainy seasons of the period were chosen, The 


rainy seasons referred to in the table are in descending order 


of wetness. 
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YEAR 


1933 


1964 
1966 
1924 
to Peps) 
iuelepe 
1944 
1938 


1941 
28 


TABLE 2 
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THE RELATIONSHIP BETWEEN THE WETTEST MONTHS 


AND HURRICANE OCCURRENCE 


TOTAL WET 
SEASONAL 
RAINFALL 


662 5Y 


Gee.0" 
op oa 
ol. Si 
ow adt 
601.6: 
bono. 
57.7 


oy ete 
DG e 


WETTEST MONTH 


AND 


RAINFALL VALUE 


(inches) 


July (12.5) 


June (13.5) 
gune (16.1) 
Judy. 1 s8 3) 
ues Oe We) 
dune (25.5) 
gane) 7Gl/ 23) 
Nov.ts (225.8) 


TRUS Or EG? 
NGw CPA. 9) 


MONTH OF 
HURRICANE 
OCCURRENCE 
(RAINFALL 
inches) 


June (11.8) 
Se tla) 


Aug? L2335 
OGES sG5e. 5) 
NOV. 2 woy 


AUG. Oi 943) 


The following years are years in which hurricanes did occur 


in the region. 


Theiformat 1s the same as for Table 2. Lhe 


indications are that there is very little correspondence 
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41 
between the occurrences of wet years and the occurrences of 
hurricanes in or near Trinidad. .The wettest year of the 
Ber10d, 1951 (107.1") was a year when.hurricanes passed, far 
north of Trinidad in the months of August and September, yet 
Lneshighest-monthly totals occurred in February (13.9), 
Pune e e525") and November (10.2") ,..Of the fifteen months 
during which there was hurricane activity in the Eastern 
Caribbean only on five occasions has the month of hurricane 
occurrence coincided with the month of the greatest precipi- 
tation and only in two cases was this true for the ten wet- 
test years of the period under investigation. 

Table 3 shows the relationship between the deviation 


from the mean of monthly rainfall during the hurricane season 


TABLE 3 


DEVIATION OF MONTHLY RAINFALL TOTALS FROM 
THE MEAN AND HURRICANE OCCURRENCE 


aune cu Ly pp AUGHeeESeDe umrOCE Nowe. 


No. of times mean for 
the month was exceeded 
(1921-66) 21 Zi 23 25 Ze 22 


NO. OL, hurricane occur= 

rences when monthly 

rainfall exceeded the 

mean. (1921-66) if 2 5 4 iL if 


No. of times hurricane 

occurred and rainfall 

£or.the, month less 

than mean. - 2 7 3 2 - 


and the occurrence of hurricanes within a 5° square around 


Trinidad, while Figures 10 to 14 indicate the locations 
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42 
where tropical cyclones reached hurricane intensity. It is 
intended to show the frequency of occurrence of hurricanes 
within that 5° Square in the period 1921-1966. The proba- 
bility that a month in which the mean monthly rainfall was 
exceeded will be a month in which a hurricane occurred within 
Ene 55° square Surkounding Trinidad wasis2)" 03m 2220 5e8 44s 
for the months of June to November respectively. However, 
in August there were one and one-half times as many hurri- 
canes occurring when the monthly total did not exceed the 
Mean as when the mean was exceeded. In October this figure 
is twice, while in July and September as many hurricanes 
occurred when the mean was exceeded as not. It seems safe 
therefore to conclude that hurricanes, regardless of their 
being an integral part of the Trinidad summer climate, do 
note deform the rainfall distribution’ patterniinistch! alway 
that if true fluctuations do exist they may be hidden by 
hurricane occurrences, 

fhe: foregoing. synthesisiom Trinidadisiiolimatce: makes 
only passing reference to cloud cover and humidity among the 
climatic elements, while relatively more detail was given on 
the influence of hurricanes on unusual precipitation totals. 
In the ensuing chapters temperature and precipitation will 
be further analysed for evidence of fluctuations. The impor- 
tance of any existing fluctuations can be better appreciated 


if the long term average climatic conditions are fully 


grasped. 
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CHAPTER, LEE 
TIME-SERIES ANALYSIS OF TEMPERATURE 


It is not expected that temperature fluctuations will 
be as noticeable in the tropical regions as they have been in 
mid-latitudes and polar regions. However, the studies which 
have verified temperature increases in the extratropical 
regions during the first forty years of this century also 
left it open to supposition that the mid-latitudes were not 
unique in this trend. In order to discover if any fluctua- 
tions are evident in Trinidad, monthly mean temperature for 
the island as a whole during the period 1921-1966 was investi- 
gated. The annual mean for the forty-six-year period was 
80.2°F., with a temperature range between the mean of the 
ecoldests year and that of the hottestlyear of 533°F 27 the 
hottest year being 1958 with a mean annual temperature of 
83.6°F. and the coldest year being 1935 with a mean annual 
temperature of 78.3°F. The. graph of méan annual temperature 
(1921-66) is presented in Figure 15. The curve seems to 
indicate two, and possibly three régimes dominating the 
record. Five and ten-year cumulative means of annual temper- 
atures were also calculated and graphed. The results are 


shown in Fagure 16. 
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Temperature in ° F 


ee ee 
19.41 1951 196) 


Cumulative means of mean annual temperature for 
Trinidad, West Indies. 1921-1966 


192) 1931 


Figure iby 


Tie eimpress ion) se that, insatrinidad there have: been, 
in the period under investigation, fluctuations in tempera- 
ture of irregular lengths. The curve of five-year cumula- 
tive means indicates that there have been at least three 
periods during which temperatures rose and fell, while as a 
Wo) er. Maintaining a igeneral. rising trend... The. lengths of 
these periods are variable with an average of about fifteen 
vVears,.and.scoverning, the, years 1921-1932), 1933-1945., and 
“1946-1966. One dominant feature here is that during the 
first two periods the mean annual temperature fluctuated 
generally below ae mean of the whole period, rising above 
iM, for most, of, the. third period... The mise after 1945. to ithe 
Deakin 1958, being, 48°F «in. general,  sohewcumves seen Fo 
indicate that a warming trend ue around 1933 with an 


apparent reversal commencing around 1958. The magnitude of 
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46 
this warming is about 4°F, In terms of tropical maritime 
temperature variations this is quantitatively significant and 
well above the margin of instrumental and observational error. 

Further smoothing of the curve to ten-year cumulative 
means reduces the amplitude of the fluctuations but does by 
no’ means eliminate them, What it does, however, is give a 
clearer indication of those periods which are most prominent. 
Two of these stand out--a fluctuating but nonetheless warm- 
ing trend during the first part of the period, and a cooling 
trend beginning at or about 1956-58 and continuing to the 
end of the period under review. These two trends fit the 
findings of Callendar (1960) who found "a small but signifi- 
Penal sei the cropiesm((0.17 °C.) commencing 1915.4 

Investigation into the extent to which the fore- 
mentioned fluctuations were dependent upon fluctuations in 
either the monthly mean daily maximum temperature, or monthly 
mean daily minimum temperature or in both of these, was 
attempted. The records of two stations in the island were 
alee eee of SPY Clair, Vath, 1Os4 Nong o las awe, 
and area 67 feet aboveywsea level; andethatvof Palarco 
imine taet? onal? Adirportss lak. 0° 374No. 7, chong mel “24 Wt, rend 
lying 41 feet above sea level. As in the earlier analyses, 
five and ten-year cumulative means of the monthly mean daily 
maximum and monthly mean daily minimum temperatures were cal- 
culated. The resulting curves are shown in Figures 17 and 


18. The records are of unequal lengths--that of St. Clair 
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Temperature in ° F 


Five-year 


------ Ten-year 


1925 1935 1945 1955 1965 


Cumulative Means of (a) Monthly Mean Daily Maximum Tempera- 
ture, (b) Monthly Mean Daily Minimum Temperature 
at iSt. Clair, Trinidad) (1931=66)., 


Figure 17 


extending from 1931-66, and that of Piarco from 1946-66. 
The choice of stations was not fortuitous, but one of neces- 
sity since these were the only stations with continuous homo- 
geneous temperature data worthy of analysis, 

It is quite evident from the graphs in Figures 17 
and 18 that fluctuations in the mean annual temperature of 
the island during the period under study were perhaps affec- 


ted more by fluctuations in the mean daily maximum 
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agePlarco, Tranidad “(1944=66). 


Figure 18 


Gemperature "than by ‘the “mean "daily minimum? VAbESSt. tevair } 
the curves of monthly mean daily maximum temperature show 
opposite trends to the curves of mean annual temperature for 
the island as a whole (Figure 17), except in the period 1933- 
42 when the directions were the same. The opposite trends 
are most pronounced after 1944, Between 1944 and 1956/58, 
the mean annual temperature of the island increased while 
the»mean daily maximum at St. Clair decreased. The reverse 
ts true in the period 1956/58 "to 1966. At Piarco however, 
the fluctuations and trends in the mean daily maximum temper- 
ature are in harmony with those of the mean annual tempera- 
ture of the whole island. To verify the overall warming trend 
referred to previously, compensatory fluctuations in the mean 
daily minimum temperature at both stations was a logical 
phenomenon to investigate, Theoretically as the mean annual 
temperature increased between 1944 and 1956/58, and the mean 


daily maximum temperature decreased, there ought to have been 


49 
a rise in the mean daily minimum temperature. Sima vacly rh 
the period 1956/58 to 1966, when the mean annual temperature 
trended downwards, and ene mean daily maximum trended up- 
wards, the mean daily minimum should show a decreasing trend. 
It must be noted however, that during the warming period and 
up to about 1950 at St. Clair, the mean daily maximum temper- 
ature was well above the mean of $9.6°F. for the whole period 
beaciing agpeak of 92.3°F. in 1944, (“At Piarco, it remained 
above the long-term mean of 87.7°F. up to about 1960. 

That there has been any significant upward trend in 
the mean daily minimum temperature at these two stations is 
not borne out by the curves of five and ten-year cumulative 
means (Figures 17 and 18). At both stations the curves fluc- 
tuate but with amplitudes of less than 1°F. above or below 
Lhnewmeans of 70,8°R< and 71.4°F. for StJeCiair “and Piarco 
respectively, except after 1957 when they took a relatively 
precipitous dip of 4.2°F., which fits well with the cooling 
trend in the overall mean annual temperature curve. While 
therefore, the fluctuations in the mean maximum temperature 
are apparently significant numerically, those in the mean 
minimum are not. 

Lamb and Johnson (1959), found that rises of mean 
temperatures from thirty-year periods in the middle to late 
nineteenth century to the warmest period of the early to mid- 
twentieth century were significant at or about the one per 


cent level at most places tested including Trinidad. The 
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evidence assembled in the present investigation shows also a 
rise in the mean temperature. 

Isolating that component of the mean annual tempera- 
ture that contributed most to the general rising temperature 
trend indicated in the records proved to be a difficult exer- 
cise. As has been indicated, the mean daily maximum temper- 
ature and the mean daily minimum temperature figures for two 
stations provided no decisive answers. It was therefore 
decided to examine the mean January and mean May temperatures 
for the period 1921-66, since these months were shown to be 
the coolest and warmest respectively. Five and ten-year 
cumulative means are calculated. The curves appear in Figure 


19. There are no characteristic differences between these 
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Figure 19 
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curves and those of the mean annual temperature. They are 
plotted together in, Figure 20 to facilitate comparison, The 


trends are very similar. It is therefore difficult to say 
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Comparison of Five-year cumulative means of Mean Annual, 
Mean January and Mean May temperatures, 
for Trinidad’ .(1921-1966)", 


Figure 20 


which component changed relative to the others, if in fact 
such a change did occur. What-ever changes there may have 
been have occurred simultaneously in the maximum, minimum 
and seasonal temperatures. Again, the general trend has 
been one of rising temperature, although fluctuations are 


superimposed on this upward movement. The crests of the 
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major fluctuations tend to be much more above the mean of the 
whole period than the troughs are below it. This is evident 

in all the temperature components examined--annual, maximum, 

minimum and seasonal. It is therefore possible that the rise 
of 4.8°F. during the period of maximum warming compensated to 
a large extent for the early régime when mean annual tempera- 
tures were below the mean of the whole period. 

That there was an undoubtedly significant warming 
Brena up to about 1958 in Trinidad, West Indies is quite 
apparent. Also undeniable is the fact that this trend was 
reversed soon after 1958 and has continued up to the end of 
the period under inquiry. The reversal represents a tempera- 
ture; decrease of about S°F. Student's £ test on the signifi— 
cance of the difference between the means of 1921-33 and 1934 
EOmoumoand. between \that of 1934 to 1957 and 1957 co. 1966 for 
mean annual temperature was Significant at better than the 
95% confidence level. 

The causes of these fluctuations and trends are be- 
yond, whe scope -Of=this study, but 2 Peedi icule in -cne 
iight of the discussion so far to escape, the tentative con— 
clusion that the warming trend was probably a function of 
increased solar radiation or alternatively an increase in 
the absorption effectiveness of incoming solar radiation. 

It will be shown later that the transparency hypothesis is 
feasible, for the period of greatest warming was a period 
of decreased precipitation and presumably reduced cloudiness, 


Tt must be borne in mind however, that the "mean" over a 
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53 
time period formed the basis of this analysis, and that these 
statistics place some limitations on the conclusions that one 
Cen sately draw. However, the aim*of this study is not to 
ferret out causes of fluctuations, but to verify whether 


Plucctusetions: have in fact Occurred over the period. 


CHAPTER IV 
TIME-SERIES ANALYSIS OF PRECIPITATION 


In this section the results of investigations into 
fluctuations and trends in rainfall for the Same period as 
temperature are presented, It has been pointed out that a 
Study of long-term rainfall data should give an indication 
of the presence or absence of climatic fluctuations and 
Changes in a given locality. For most of this section refer- 
ence will be made to the significance of observed fluctua- 
tions and trends in purely statistical terms, but it must be 
remembered that fluctuations may be assessed as significant 
from other points of view. An example is that of the biolog- 
ical effects observed. On this view, inferences are made 


et 


that a significant climatic change has occurred if the type 

of weather has so far altered in an area that the composition 
of the vegetation, the régime of the water budget, practices 
of cultivation and ultimately the fauna are measurably changed. 


It is therefore possible to have fluctuations that were not 


Statistically significant but which may have had some notice— 
able effect on the environment or the way of life of the 
inhabitants. 

In oceanic locations where the variations of tempera- 
ture and moisture levels and the associated atmospheric sta- 


ie ; Ce ea eee are ee he rainfall, the 
bility and instability cause mostl all the rainfall, 
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fluctuations in precipitation should provide a sensitive 
index of the presence, and possibly the primary causes of 
climatic fluctuations. Mention was made earlier of the fact 
Ppatetierc are topographical influences on the’ raintall dis— 
tribution of Trinidad; it must be emphasized that the orien- 
tation of the mountain belts tends to minimize the extremes 
of rainfall which can be typical of some Caribbean islands 
where the windward stations receive high totals and the lee- 
ward stations low ones. This writer recognizes that distri- 
butions of this kind could affect the island's mean espec- 
ially if there is a bias in favour of stations experiencing 
One or the other extreme in the sample. This bias does not 
occur, for when reference is made to the mean rainfall of 
the island, the value given is in fact the mean of all re- 
porting stations, and these are fairly evenly distributed 
throughout the island as Figure 1 shows. In addition, the 
stations chosen for individual analysis represent as far as 
tS pocs ible typical, rainfall, distribution types... Also ,men— 
tion has previously been made about the contribution that 
hurricane precipitation makes to the monthly and annual 
totals. 

The mean annual rainfall of the island as derived 
from the data under review is 76.0 inches, of which 59.4 
inches occur in the wet season, June to December and 16.6 
inches in the dry season, January to May. Taken as a whole, 


phe island. receives 1.8 .2%..0f wts,precipitation in he rainy 
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season aS against 21.8% in the dry season. The character- 


istics of the rainfall are set out in Tables 4, 5 and 6. Not 


TABLE 4 


TRINIDAD RAINFALL, 1921-66. JANUARY TO APRIL, 
AND JANUARY TO MAY 


dan. %*Febs- Mar. “Apral-tJans— “May Jane— 
April May 
Mean (ins.) eee, 2657 Died 2h UO ae 0) enon 
Mean as 3 of 
annual Sal GeO Ze 3 Sere ae OfetS 28 
Median (ins.) Cees) paPse) 2.0 265 9:6) 4 e3 Hono 
Mean-—Median 
Seiveanwe i 100 EBA? 26.9 Lie 19.4 Te awe ca E6125 
Hagnesteas, % of 
mean 2 Sales ate iis 360. B34. 245, B07 
Lowest as % of 
mean 34.4 Peso) 8.3 15:5 LEP RAE ABs) 18.4 


Coeffiverent of 
Variation "($) 5 SO ae 2. ee OUR 2 1420 THUGS) Vol ee! 66.8 


only VseTrintdad’s annual ratniall-characleuized by wide vari-— 
airvons In Spatial distribution, but thes veriiations from year 
to year are also relatively large. Figure 3(a) shows that 
north-eastern stations record means of greater than 130 inches 
while south-western stations record means of between 50 and 
60 inches. The physical orientation of the island in relation 
to the prevailing North-east Trade winds explains this dis- 
Pel Durion tO a great extent. 

Taking the coefficient of variation as a measure of 
variability, we note that its value ranges between 16 and 


23 per cent over large parts of the country for mean annual 
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precipitation. For the island as a whole this represents a 
Variation of 59 to 141 percent. in the mean»annual rainfall, 
A realistic approach, is to examine not only the annual vari- 
ability but also the seasonal variability for the island as 
a whole and then for representative stations. Garstang (1959) 
concluded that April and May, and November and December were 
transitional months in terms of rainfall incidence and he 
went on to say that "whereas the departures from the mean 
during the mid-wet and mid-dry period are relatively small, 
they are greatest during the transitional periods." ae was 
therefore felt that dividing the year into a dry season, Janu- 
ary to April, and a wet season, June to November and then 
comparing their variability with January to May and June to 
December would assist in showing to what extent these months 
contributed to the variability of each season. 

Over 78% of the mean annual rainfall is received in 
the period June to December. The lowest percentage rainfall 
received by any one place in any one of these months is 9.3% 
whilesthe: highest-is 12.7%; The variabulity rangessitromedds 
to 160%'o0f1 the mean. The coefficient of variation is 27.1%. 
December contributes an average of 9.9% of the mean annual 
rainfall and its totals vary from 33% to 164% of its mean, 
November contributes 11.2% and its totals vary from 30.5% to 
176% of its mean for a coefficient of variation of 29%. In 
addition, December's average coefficient of Variation Of 23% 
is exceeded only by June, 35%. When however, the period June 


to November is considered, the coefficient of variation of 
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far removed from that of 27.1% for June to December, and the 
variability range of 46% to 159% of the mean is not vastly 
dafferent. It is therefore evident that, taking the. island 
aS a whole December makes only a small contribution to the 
Variability range of rainy season rainfall. For the wet 
months June shows the highest coefficient of variation with 
December and November following in that order. If however, 
individual stations are taken as is shown in Table 6, Decem- 
ber emerges as the month with the highest coefficient of 
Variation among the wet months, and could therefore be char- 
acterized as the transitional month between the rainy season 
and the dry season, 

During the dry season, the} percentage rainféall) received 
at any One station is low, no one month exceeding 7% of the 
mean annual total. The dry season is characterized by remark- 
ablervarrabilaty.) Lt the period January to April is con- 
sidered, the mean rainfall for that period is 11.58 inches. 
This represents 15.2% of the mean annual rainfall. What is 
remarkable, however, is the fact that it is possible to 
receive anywhere from 17% to 334% of the mean in any one year, 
ex in terms of inches, between 1.97 and 38.7 inches. The 
coefficient of variation is 71%. When the individual months 
are considered the coefficients of variation read 55%, 92%, 
69% and 74% for January to April respectively. February 
presents the greatest variability with figures of 3%,ton5s13% 


of its mean of 3.56 inches; and. April 15% to)360%.of its 
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62 
mean of 3.73 inches. 

When May is added to this period, the coefficient of 
variation drops to 67% indicating that May exhibits relative 
reliability in terms of its rainfall expectation. January 
to May contribute 21.8 inches to the mean annual rainfall, 
Mayiitself contributing 6.5 inches with a coefficient of 
VWartatton {of 57%; Its variability ranges from 20% to 245% 
Of ts )mean,. the) lowest range for the five months, It is 
weLes Chat these results diverge from the findings of Garstang. 
It is evident that from the data examined, January to April 
can be considered the "real" dry season and June to November 
the rainy season, It must be acknowledged however, that a 
Minimum in the wet season rainfall exists in the month of 
November. “Also, the variability of dry season rainfall is 
high in most areas and particularly in the leeward, western 
section of the island. 

in order!) €o give a spatial dimension towrainfall 
variability, nine stations were chosen for analysis. The 
choices were based on the length of available records and on 
their teliability. Also, these stations) were selected ‘as 
representative of particular régimes eae, tiers. and=— ene 
relatively wet eastern section and the drier western sec- 
tions. While the number of stations was inadequate to draw 
reliable maps of coefficients of variation, the numerical 
values seem sufficient to give some indication of variability 
in the spatial sense. Table 7 gives some values of coef- 


ficients--annual and seasonal. 
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When the annual rainfall totals are taken the coef= 
ficients of variation in space show very marginal differences 
ranging from 18% in Point Fortin in the western section of 
the island to 22% in Tamana and 23% in Mayaro in the east. 
The dry season figures however, are more revealing. The high- 
est coefficients: ef variation are found in the west and south- 
west and the lowest in the east. The lowest figures being 
those of Moruga, 57.3% and Tamana, 58.3% while the highest 
values are found in Caroni and Couva--79.3% and 71.3% res- 
pectively. The wet season figures are almost adie to 
those of the annual. During the dry season the most impor- 
tant mechanism involved in rainfall distribution is advection 
showers that develop off or over the east coast and are sub- 
Hecty to orographic. lifting, thereforethe penetration .of 
showers decreases progressively from east to west across the 
island. Figures 21 and 22 show the mean seasonal distribu- 
ElOnNOL-Guorntall for the period 1939 Co U9GGe 

iita, preliminary enquiry Zinto the £luctuatdoneor 7ain— 
fall in tume, the utilization of {cumulative meanseis @con— 
ceivably adequate to identify fluctuations in precipitation. 
However, cumulative means in a time series do possess some 
disadvantages Er. they obscure the time when a trend 
changes, and may be misleading in the not infrequent case of 
the single exceptionally wet or exceptionally dry year 
affecting the long-term mean. Also lt can be ‘argued that 


the cumulative average applied to a random series gives rise 
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Figure 22 
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to a series which is no longer random in character (Grant, 
1952). Runs of short length are suppressed both in number 
and amplitude while runs equal to the period of the cumula- 
tive means are increased in number. Also, running means may 
cause Serious phase errors for fluctuations of the order of 
the mean. Nonetheless as a first approximation the method 
is useful in that some indication is given of fluctuations 
Eat, OCCUL . 

In the light of this therefore, additional 
methods will be applied in the hope that they will reinforce 
one another, and lend greater validity to the conclusions 
arrived at. One such method is cumulative percentual devia- 
tion from the mean. Abrupt changes do not show up well ina 
time series graph of annual or seasonal rainfall totals, but 
as =kuaus (1955) “points out; 1t ts"a valuable=property or 
cumulative residuals that any change in a time series is 
often immediately apparent from the resultant graph. Greg- 
ory (1968) supports this view. Cumulative percentual 
deviations from the mean of Trinidad's annual and seasonal 
rainfall, to which reference will be made later were calcu- 
lated by first determining the mean for the whole period 
under consideration, both for the annual and seasonal totals. 
This value was then subtracted from each annual and seasonal 
rainfall total in turn and running totals of the residual 


SO computed were then plotted. This is expressed symbolic- 


ally as: 
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where x is the mean and x the rainfall occurrence at “time «t. 
This 1s done for the island as a whole and for three stations 
within the island--St. Clair, St. Augustine and St. Madeleine. 
Reeves Tele vthat, sas: thevanntialltetals for Sthe 81s landuas va 
whole were composed of the monthly means of all reporting 
stations, the overall averaging of data from relatively wet 
areas and relatively dry ones presented a situation that was 
unrealistic. Percentual deviations are used instead of 
Simple residuals so as to make records of differing regimes 
comparable on the same scale. 

In view of the remarks by Barnard (1956) and O'Carrol 
(1956), it should be stressed that the graph of cumulative 
percentual deviations was used only to indicate the periods 
of greatest deviations and probable fluctuations in the 
series. It will be seen later that statistical tests of 
Significance are applied to the annual and seasonal rainfall 
totals and not to the residuals from which Figures 16, 17 
and 18 were drawn. Both Barnard and O'Carrol think too, that 


if the sub-periods indicated by the graph of 2(x - Ae 00s 


x 
are used for statistical analysis, a bias is introduced 
Since these periods would have respective mean levels as 
@ifferent as possible and consequently greater than would 
have been expected among sub-samples chosen at random, This 
objection is statistically valid, yet it seems reasonable to 
expect that since the presence or absence of fluctuations 


and changes in the series is what is sought, a method that 
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indicates this is desirable, so long as the significance of 
these changes is not deduced therefrom. To meet the above 
statistical objections however, sub-periods indicated on the 
graphs together with other sub-periods chosen at random were 
Statistically analyzed. 

The method used here is the comparison of means of 
different periods, and the statistical t test of significance 
is employed. An attempt is made to test whether the mean of 
a sub-period was Significantly different from the mean of the 


whole period under review. It is reasoned that if x, is the 


k 
1k nas 
mean of the first k years then x, = =x _ and x = =Yx_ where 
k ky a n, © 
x is the mean of the entire period under consideration, then 
1p X,- x 
it is shown that t = Ce a), where T = - 


is distributed as Student's t with n-2 degrees of freedom, 
and s is the standard deviation of the entire series. Also, 


sub-periods are compared with each other using the relation: 


t= |a - 5b with (n, enn -2) degrees of 
52 52 EYCCAOM, .8 e) eine) fav ee eee) 
a ee 
+ 

ae Se | | | 
where a and b are the means of the sub-periods being compared, 
s? and oe their respective variances and a and i the number 

a 


of years in the periods. 


METHOD 1: CUMULATIVE MEANS 


Five and ten-year cumulative means of rainfall totals 


for Trintoad, st., Clair, ot. Augustine and St. Madeleine were 


a 


>» * - 7 
Jtbo ries? off) nr 


- 


TURE AVC SSR 


4 


70 


calculated and graphed for annual totals and for the dry and 
wet seasons respectively. These are shown in Figures 23, 24 
enu 25.) the graphs of ‘annuad jtotals!(23a);for the whole is= 
_land indicate that there has been a varying but nonetheless 
rising trend from 1921 to about 1951-52, and a decreasing 
trend thereafter up to about 1961-followed by another rise. 
These fluctuations however, are not parallel at all stations. 
The rising trend from 1921 to about 1950-52 is also marked 

in the aoe Lor Sta Clair (235). cAt St) Augustine, there 
seems to have been a decreasing trend from 1925 to about LIAO, 
an increase to about 1951, a decrease thereafter to around 
1957, followed by another rise; At St. Madeleine, fluctua- 
tions were greater in number. There was a rise to about 1932, 
a decline to about 1942, another rise to 1950 followed by a 
decrease to 1960 and another rise thereafter. At all stations 
marked oscillations of about four to five years' duration are 
superimposed on the general trends. 

The graphs for the dry season (Figure 24) indicate 
that the short period oscillations referred to above dominate 
the picture, but it is still possible to recognize the same 
general trends that showed up in the graphs of annual totals. 
The amplitudes of the fluctuations in the dry-season graphs 
however, are much less. The island as a whole showed a 
slightly increasing trend of dry season rainfall from 1921 
to about 1949, a decreasing trend up to about 1961 and a rise 


thereafter. The St. Clair figures show parallel trends except 


it 
lS 30 
“d ke 


(eb 


Rainfall 


1920 1930 1940 1950 1960 1970 
Five and ten-year cumulative means of annual 
rainfall for (a) Trinidad, (b) St Clair,(c)St Augustine 
and (d)St Madeleine, 1921-66. 


Figure 23 
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Figure 24 
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Figure 25 
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for the years 1945-53 when the graphs levelled out somewhat. 
At St. Augustine, dry-season rainfall showed a decreasing 
erend) frome 1925,to, around 1946, then. a, sharp. increase. to 
around 1952. This was followed by a decreasing trend which 
seems to be continuing. The same is true of St. Madeleine 
where the changes.in trend seem to lag by two to three years. 

The graphs of cumulative means of wet season rainfall 
(Paigure 25) are more difficult.to.interpret:; | The. oscilla- 
tions are more marked and the trends are masked somewhat by 
these oscillations, . However,.as a first approximation it is 
safe to say that in Trinidad as a whole the wet season tended 
to become slightly wetter between 1921 and 1952, slightly 
drier between 1953 and 60, but is showing an upward trend 
Since 1960. This is also true at St. Augustine. Wet season 
Padwiall at St. Clair, oni the other, hand,decreased to, around 
LoAAgna nckeasecd, to, around: 1953) .plungeds.to dts, lowestein the 
fiveryears: following. and.4is mising,agdin. » At St ..Madeleine 
there were two distinct fluctuations each incorporating a 
mise yand awtall. «The» first: lasted, from 192s loser ounds 1940 
and the other from 1941 to around 1960. Rainfall increased 
in the periods 1921-32 and 1940-51, decreased in the periods 
1933-40 and perc Oe It is now on the upward swing again. 

It is difficult to generalize on the basis of these 
graphs of cumulative means. There are both space and time 
shifts and these are most certainly tied in with the mech- 


anisms that are responsible for the amounts and distribution 
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of rainfall in the island. These mechanisms have not yet 
been definitely identified and therefore the causative fac- 
tors are still unknown. That there have been fluctuations 
Over and above the short term variations cannot be denied, 
but these have not been concurrent in space, and to a great 
extent neither completely similar in time nor direction. The 
eiuctuations do not seem to conform to any definite cyclic 
pattern, nor is the period between rises and falls anywhere 
heaw uniform, | Lt 1S probable that if more Stations were 
taken some grouping of régimes would emerge showing trends 
that were characteristic of regions within the island, but 
the varying lengths of available records militate against 
this approach. 

Yet ot 1s relatively safe to conclude that at the 
majority of stations examined not only has the dry season 
rainfall remained generally below the long term mean for most 
of the period under review, but there has been a general 
trend towards increased aridity from 1921 to around 1944 to 
46. The dry season rainfall totals increased from 1944/46 
until around 1950/53 when a decreasing trend again set in. 
What is more significant is that this last decreasing trend 
which is still continuing, has taken the rainfall of this 
particular season lower than it has ever been during the 
period 1921-66. In terms of wet season rainfall it can be 
said that there have been two major periods involving two 


phases of decreases and two of increases. The crests of the 
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fluctuations occurred on the average twenty years apart while 
the troughs showed a recurrence interval of between fifteen 


POmLWenLy years at all Stations. 


METHOD 2. CUMULATIVE PERCENTUAL DEVIATION FROM THE MEAN 
Figures 26, 27 and 28 show the cumulative percentual 
deviations from the mean of annual, dry season, and wet sea- 
son rainfall respectively. As was previously done, the 
island is considered as a whole and three other stations 
selected from within the island are taken for comparison. 
The graphs are here used to represent the changes that have 
taken place with time and to compare fluctuations that have 
occurred among stations within the study area. It must be 
stressed at the start that actual position on the graph is 
irrelevant with respect to any interpretation being made in 
terms of rate and direction of change. The significant fea- 
tures are the direction and angle of slope of the graph. 
Wherever this rises it indicates an increase in values while 
Ene more steeply it rises the more rapid and marked that 
increase is, Equally, however, if the rate at which the line 
falls becomes less, then this indicates an increase in values 
even though such increased values are still below the mean 
itself. Clearly, the date at which a series of below-average 
conditions is replaced by a series of above-average condi- 
tions can readily be appreciated. In all the graphs pre- 
sented the significance of the short period oscillations is 


clearly seen, and these, to a large extent, present a ts 
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erratic appearance to a graph that should be relatively 
smooth, 

inhe;graphs Of .deviations.from the mean.of annual Yrain- 
Bot lyaFigure 26, -indicate,that.the.four stations.chosen fall 
into two distinct régimes--Trinidad and St. Clair showing one 
Of theses<and St. .Madeleine and .St...Augustine thé other, In 
Ehestirst.of these it can’ be seen that a series, of lowexr—than- 
average years extended from 1920 to 1941, followed by a series 
of above-average years up to 1956 at which time a decreasing 
euends began and,is still ,continuing. ,In thesestwosgraphs 
rainfall is shown to have decreased between 1921 and 40 and 
1956 and 66, but increased rapidly in the period 1941-55. 

The other régime is dominated by fluctuations of an average 
length of ten years. At St. Madeleine, rainfall increased 
BEOMeLI2O0 LOus7ynand again«frompl947yto“s5o" ~Decreasesewere 
experienced in the periods 1921-29, 1938 to 46 and 1957 to 
GO star DbeuSt.nAugGustinesgrapheis moresdlfiiceul ts Lo,evaluate 
adueyto the. ervaticsnatures,o£f the short termyyariations. 
However, at this station there were rises from 1921-37, and 
from 1947-56 and decreases from 1938-47 and 1957-66. 

The same two patterns are apparent in the dry season 
graphs, Figure 27. In the first of these two patterns, there 
is a fluctuating but markedly decreasing trend from 1921-41 
in the Trinidad graph and from 1921 to 45 at St. Clair, This 
was followed by a rising trend which lasted up to 1957 in 


the Trinidad case, but up to 1959 at St. Clair. At both 
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81 
stations a decreasing trend followed. At St. Madeleine, dry 
season rainfall decreased from 1921 to 47, increased to 1959 
and then decreased again, while at St. Augustine the dry 
season became wetter between 1921 and 33, drier between 1934 
enaeAs, vand drier still thereafter, 

An examination of the graphs of deviations from the 
mean. Of wet season rainfall indicates that the trends nearly 
petalile! those ofp annual rainfall .-) Trinidad and+Stiechaix 
show decreases from 1921-47 and essentially rising trends 
thereafter. The curves for St. Madeleine and St. Augustine 
however, are much more complicated. At St. Madeleine, rising 
trends occurred in the following periods 1928-36, 1947-56 and 
decreasing trends during 1921-28, 1937-46 and 1957 to 66. At 
St. Augustine rising periods were 1921-35 and 1946-54 while 
decreases were shown fe the periods 1936-45 and 1955-66. 

Barnard (1956) indicated that changes that are immedi- 
ately apparent on graphs of cumulative residuals may not be 
real or significant. It has been shown above that fluctua- 
L10ns in Weinidads rainfall ‘are: in fact apparentmon, thesguapns 
presented here and that these fluctuations seem to follow a 
pattern, It was a basic understanding in the foregoing analy- 
sis that the graphs were indicators of fluctuations in so far 
as these were related to deviations from the long-term mean 
both in the negative and the positive sense. No conclusions 
as to the statistical significance of these fluctuations were 
drawn. This however, will be discussed in the ensuing sec- 


tion. The fluctuations indicated by this method do not seem 
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82 
to be identical with those shown by the previous method in 
terms of the periods they cover or the years in which they 
change direction. This difference was not at all unexpected 
in the light of the discussions that preceded each method. 


However, the agreement is sufficiently close. 


METHOD 3. COMPARISONS OF MEANS OF DIFFERENT PERIODS 

The methods used in this section have been detailed 
earlier, Two different tests of significance are used. The 
first one was applied by Rao (1960) in his study "Climatic 
changes in India." The means of sub-periods are compared 
with the mean of the whole period with n - 2 degrees of 
freedom for Student's t test. This was deemed to be suf- 
Ficiently stringent in a situation where the usual standard 
error of the difference becomes inoperable simply because 
the periods compared do overlap. In the a case the con- 
ventional statistical test for the significance of the 
difference between means is used as the samples are assumed 
to be independent of each other, 

The means for the period 1921.to 1966 were prepared 
fortnine Stations ins Trinidad, - For each ‘statton*the differ— 
ence between the means of the sub-periods 1921-30, 1921-40, 
1921-50 and 1921-60 respectively and that of the whole period 
was examined. The results are shown in Table 8. It is 
interesting to observe that for only two stations was the 


annual rainfall of the period 1921-30 significantly different 
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at the 95% confidence limit from the whole period under 
review. The differences at all other stations for all the 
other periods failed to reach the 95% level. Student's t 
values ranged from 07135 to1.87> This analysis seems to 
Suggest that there was no significant trend-in the annual 
rainfall of the stations examined for the period 1921-66. 

When however, decadal means are compared with the 
mean for the whole period, the first decade 1921-30 showed 
significant differences in the annual precipitation at two 
Stations at the 95% level. None was significant in the period 
1931-40, the second decade; two showed significance in the 
third decade 1941-50; one in the decade 1951-60 while almost 
all Stations showed a significant change to aridity in the 
decade 1957-66. These results are shown in Table 9, 

In Tables 10 and 11 decadal averages and values of t 
are given for the wet-season and the dry-season respectively. 
For the wet season Point Fortin shows significant changes in 
the decades 1921-30 (99% confidence limit) and 1931-40 (95% 
level). Change in Tamana was significant at the 95% level 
in the decade “1921-30 and/in Caroni. the decade 1941-50. 

St. Wlaixr showed a significant change in theadecade 1957-66. 
Almost all stations experienced a significant negative change 
in the decade 1957-66 in wet season precipitation totals. 

For the dry season, only in the decade 1957-66 was the dif- 


ference of the means significantly different at the 95% level 


for most stations. 
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Further analysis of the annual and seasonal precipi- 
tation involving overlapping ten-year means was carried out. 
These overlapping means were compared with the mean of the 
whole period--1921-66. The results are shown in Table 12, 

In terms of the annual totals for Trinidad as a whole, only 
the decade 1942-5T shows a change that is statistically 
Significant at the 95% level. This statistically significant 
@eeeerence didnot show up)in’the previous “analysis: where: the 
period 1941-50 was considered because the highest total rain- 
fall (107.09 ins.) occurred in 1951. This re-emphasises 

the effect that an exceptional year can have on the mean of 
any period. 

The dry-season rainfall (January-April) shows one 
decade (1942-51) significantly different at the 99% level, 
and the consecutive over-lapping decades spanning the period 
1943-56 were all significantly different at the 95% level. 

It can be inferred from this therefore that the dry season 
raimcalllot Trinidad showed’ a significant fluctuation i2nea 
positive sense in the period 1942-56 and another fluctuation 
in’ @he negative Sense in’ the period %195726¢~ ~ None of ithe 
overlapping ten-year means of wet-season rainfall totals 
reached the 95% level of significance. 

A different picture emerges however, when Ssub-periods 
within the time series are compared with one another using 
the second method outlined earlier. It was decided not to 


use the ten stations used above, in order to limit this 


f 
‘ i) 
Ls < 
' = 
> : aw 
‘ ; 
‘ 
£ a] 
i he s 
« 
' 
c ‘ 4 a Se avril 
= : * 
r se oem & > by 
‘ + \ aoe me | Ba at 
i 
Fad 
y - 
- - 4 VF 
j ; f ) P - Lavo weal A A 
- ~ = 
“a4 ‘ 
t yay | (wtnd De WES [220 J : 
° ~ - t ws 
ao 
4 sig - ~ | 
r 3 (a!) ; i=l Sis f OF. IPs 
’ So t Z it yh 3 
S re f Lipey " yf - I t " B wore Ai > ps 
a 
7 . 
qaos7 npopin yer 5 bir S40A0F hols ; Decl 
4 — - 
re a 


a! 


\. (ote Bo-attoh —'06-T20l  hotteq sti ni seree /tgagon 


_ 


a » | pt ‘ ~ 7 . 
; aa ary aisios LLBIHLBL TOSRSe-SMW =G BEty 


AAC) ee ae aonpoltingss 24 Isvel #28 8 


166-t0'%. taflw .tevSned 25psn sxesple syetetaee 
; $ ry 


fees) ; = i eT ~ Ss 2nispe ‘ome 

£6 >< 

' te fizas Sons fous ber J qed Be 

+ aabeo mi govods Beau = Qi2nja ne 
r wa! 7 A 7 ie ft aa 


ie wa 2) 


89 


87 °0 COGS £0 Cac 09°0 87 c CO-SE 4eS-€S 08°T 0S°0 O09 LG 18) <CSee7 
ASG t) OL eeS £4506 ays 8) OS Ey, CO=9T =1Secr x¥ 70 °T 70750 eemy? 88-t8 [S=e7 
6€ 0 67S Soca Bes 0 OCG Coc seas be 3S Can Jee 0 8 a Le 03 (OG—15 
Sioa 07° 1S 7 S:=0 Gia 68°0 CU CLP a07=07 EEN Sie Oe LESLE, OVOP 
teem 200 0S oa) SI iat 6) COME co CL Ser-Ge 02°0 90° 0 O40 EF=OLSISU=6C 
S70 “FL 05 Some Sc GUlec Dae a 08 €8°0 vc 0 GSLte CS "S365 *LY40e 
7 0r 61 0S CO) Sie) Cova Sh Gd ae Shea ae 0520 P20 2A ae a Ee bh ES 
BG. 0S"*C1 TS LESS0 elie Te) pStoyeie) LY Cl SGV=9¢ GE <0 CL aU PVT Cath GS Rae e 
Moe SC9 70S Sire 0 VOrd V CuO CLE Bereces SEO SO 0 rope aa O09 SE “7=S5 
Pret £56 ey S02 0 TOPs0 £00 GO TL jer=te vS"°O> SU0—- £8 t= 09 8h “orene 
S740= 29/7 96S EetO—" 16°0= <S°0— OO tn Faye GE Q= 66°0—. GO"T= | BS 70s (o7-e2 
ba Oes ~6S 0S DEMOS OS OS) >) S06 <0 amb © SU°O~ PT40s SO" Teo ce pee yee 
O690r (26 167 Le0>= OP 0= €9°0— 86°07, “Cr—-Té Li" 0 E1-0— 69° E= Ga Ve OR—ts 
eour= LOL EGr he 0= cL" 0-02 0— “VS "01 7eg—-06 SS"O0— ¢C°O0— O6°C— ~ZO°EL Ge-dC 
SGmO- SSL E67 SEO 2h = EE O= OR OT” sonae7 Eo" 0=— 8 0— (6° COeCe @se-c7 
SO00= B97 tG7 GOre ae Ce Gn 7 ie GG LOTSe Ee t= Be Os LL t= O24 oh <eae2 
Begs, PEL TRS Ee “S00 - 6e"0= “Soh, era ep O— O°O= “RR O= ES°o ere 
o7a0=- £60 405 bS-O= SL 0= 98° 0=" BO" Ol” Ga-9¢ Lv "O— ST" 0=— fo "t= Ge eL "Ga-a7 
Clete BESeor SS 50- “oi U= -— 6670-1 “To Or Spe-ac Te T- ce d= €8°o- ian poe 
Cee LES EES [ac ci U= CO t= bo OT aap O9"0= 2E°0- “SOQ°2—= G6 Gh SG-7a 
OL etS ESS tG7 SEU» Te 0= “te t= “ce Or 4a-ee Te" i> BE°U= lh a=" 86 eae 
GLRO= B2.0405 CONG=— Ee O= <€8."- 06. "6 GE- CC GC"T- Ge O= GG t= “ita Taaee 


S5u0— £59 TOS GSS => Gh O— “86°O0-— 09-07 -CG=T26T GE°T= Ce O- G8°e— “pierce. Ga-i26o8 
4 ty 4 ts x =a Be SUVHA 4 x > SUVAA 
TIqueAaon-seunye Ttazdy—-Azenuep ; Tenuuy 
—_— SSSSSSSSSSSSSSSSSeeSeSSFSSSSeSeSESSSSSSSES 
SHNIVA 4+ GNV 996T-TZ6T FAO NVAW 
qHL HLIM SNVAW YVHA-NHL ONIddVIYHAO FAO NOSIUWVAWOOD 


CL Wiavi 


Ae. > ay 


; a bs me 
: eenrer ou cow eee. er wag Ataqur 
~ “ors + a <2nAno” SAut™ CA. el VE: 4" ad a 8A 


2 dl SAN 47 OUR -9d8 L=1SEE IO 1 


— _ 


2% o 


in a —_ - — 
a ae A a a - 
: - 7 ~p 7 P , cy f° 
_ = zy ie t i { a a’ 3 pay — = ,h- as & ee ee | c 
By Sea ‘ epee 3 . p : Pats. _ 
‘ ; —s m (’ ba ts & “ es ~ <v" ee ae o 453% a 
oa * sal ~ ’ ‘ } 7 > a ‘ ~. = « sue ry 7 7 Si-zt _ = 
- - . 7 7 a al cu an Keg 
- ~ - a -~ 
— { 4] i OS a oe “Ps - a 
_ * + - ' 
‘ & “e _—_— e ” 7s — ie 7 
_ ; “ ‘ a S« = e * ) aoe _ 
. 7 7 - -_— '» - a —— 
07 a -~ e,f=— s£.59 -ctage” - 
= . i ip. —— = 
—~ 4 a =e * 7 
= “ Fd . os t= I ye 2 en ie. -& . Ee) a 
- =a a 7 - - . 
f a \ ey is t= i ,0=- 4 a © ‘? <“ 
= ar <1 4) re a ‘7 _ ov. 8% ve 
‘ -_ L- & inns ; » : - : 
2 ~~ . +). £" ey.-8 
: | hg oe oe é x f e : =o we 7 
ee ‘ 
' 7 > 3 Be se 4 2 >— b- 
a 4 4 
= / al 
= " 
ng § ae 
= = ~ = 
oe = 
@ ae i 
> b . 
* a 
J » Ww ee 
- a 
— y we 
J AL<¢ 2 
| | 
au —. 1 A ; J 
2 — a — 
j- a ~ » ee 
. : r ac f 
Ps « & 
t . - t a Z 
io : ao % “ 
aed a ct * 4 _ « & 
a »4 Og 3a i . ~ r AS 
f ‘+ 7 7 { : i 7 ~Ccs | & uG.i v 
} ‘ 
* ov ana * 
> 7 - 
SY - 7 - ~ 


90 


"TSAST SOUEPTJUOD $GG SYR 3 QUeOTITUBTS xx 
°“TSAST SOUSPTJUOD FG6 SYR 3e AUeOTFZTUBTS x 


COU0ss TL TS 801 68 ULL 509-107 
160 —% CO" TS aS, 4G) Lil pak ASG See Oa. 
Poel=. 8c. 0S Sf0= SL20ls POV ST C67 
ate Oe be 1G Comc~aa- Sy 0 © 9 8G =— 0 G68 99 205 
GeO see LOm LS SOMO = 8c <0 COT pU.Oi0 os05 
Cie ran 9.08 CS COM ==6¢--0 OLS Mav's "6 FOGG 
LOe Oa 9G° TS 66@0—2.:6:7°.6 ©9 sb= =0:6°26 SUS 
Soe 0s) “72. 1S CSeURK a ACenw Betis Bol sO. ta0=. 9 
CUR == -LO TG S6M0= = 1 C2e LS ele OGG LI-CS 
CeO Os 2S Sps0 SLC PLO LG Gl, LOO SEG 
8.0 ED CS Lt gel ce GO tb SY ft VCS =06 
DL 0 CC. oS cee (oe 10 Se Le OL Sb S=6y 
78°0 Bees ae: LZ 20 Lose OG asec SV, 


9E30 fo. oS eS CEC Sea!) Ol Ge Cc-ob a= Ly 
ve 0 Daca *1T8°T SEO owe Vy Vt <SG=97 
oP. 0 SO -CS eC Gon |, eS 0 (UB eS 09° VL sS-SP 
eG. 0 SL. CG ¥C8>T 0S°0 €6.5€ SEES NaS adi Moab 


TSequsAoN-seune Ttady—-Azenuep 


a Bee 4 SUVHA 


Cy 20 
66 Os 
Sie ial oF 


Vibe 
LO ale 
oC 0s 
¥6°0= 
ES 50s 
ESAS 
oo 0 
60s 1 
Tose 
GS. ft 
Ss gad 
Silane t 
DOSE 
Lele ke 


a 


cO20= 4 003 OF eer oy 
E0°O- B8E°0- 09°SL 
EZL0=  Olata en weet, 
ZE°O- = 68°E- =80°ZL 
O€°0- S9°E- ZE°ZL 
bZ°O- 76°%- SO°EL 
97°0- O%°E- LL*ZL 
9T°O- S6°T- €0°PL 
9T°O- 96°T- TO'PL 
61 One cee Oe ae 
Te7O “OL ee Beoze 
ioe aera even sedate 
a0 OtGa oame 
Oc°0 “Oteo = hoes 
BY 00 868 Gee aco = a 
70m force a Gaur 
Ly "0: Tle Gue 69-13 
Ge 4 


- x 


Tenuuy 


Ix 


Ow r 
OS=1 CEL 
OP=1Tc6T 


99-3LS 
S359 
Vow. 
eS 
“o> Nar) Se 
iB dae a 
09-05 
65-05 
8S =67 
LS= 37 
Seria, 
SS=o? 
LG=S7 
eeaigias al 


SUVA 


>penutzUuoo ZT WIGVL 


La em = sy ear sie 2 eg Pe Bi 
j f 


pea nik ans ny sa er 
aad ; ost z 7 in Sear 


wo Qsod Va «4 rye 


eo ey 
“4 <L +) 71 = 


91 
section to manageable proportions, but to take one representa- 
tive station from the different change régimes that emerged 
from the analysis of cumulative percentual deviations from 
Eheemeanseoffannualsandtseasonallrainfallvtotals? i eThe. Trini 
dad case was used as a representative of one of these change 
régimes and the St. Madeleine's case as representing the 


OLneracAvsummary of this analysiswistgiveniin: Tables]3elerhe 


TABLE 13 


COMPARISON OF MEANS OF SUB-PERIODS AND VALUES OF t 


SATION © 9 *“  <«=SBASON “PERIODS COVERED “t= VALUES 
Trinidad Annual 1921-30 with 1941-50 226 
1921-40 with 1941-50 2643 
1929-38 with 1956-65 2165 
1947-56 with 1957-66 -2.40 
DEY 1921-30 with 1941-50 ERA RSS) 
1921-40 with 1941-50 E39 
1929-38 with 1956-65 Dad: 
1941-50 with 1957-66 2254 
1947-56 with 1957-66 2358 
Wet 1921-40 with 1941-50 LIk3 
1934-43 with 1944-53 L340 
1941-50 with 1957-66 267 
St. Madeleine Annual 1925-34 with 1940-49 OF s5 
1930-39 with 1940-49 A SPAY 
1939-48 with 1949-58 Lg 
1947-56 with 1957-66 2762 
pry 1921-30 with 1931-40 Geo 
1925-34 with 1935-44 0.96 
1930-39 with 1946-55 2b 
1939-48 with 1949-58 2.20 
1947-56 with 1957-66 2.38 
Wet 1929-38 with 1939-48 Le Wd 
1936-45 with 1947-56 Le25 
1945-54 with 1955-64 L228 
1946-54 with 1955-64 1-78 
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short term oscillations that are prominent in the graphs of 
percentual deviations from the mean are lost sight of in the 
long period smoothing, and, relative to the period 1921-66 
as a whole do not seem to be statistically significant. How- 
ever when individual oscillations are compared, the fluctua- 
tions in the short period are sufficiently numerous and sig- 
nificant to be of interest. Of four comparisons made between 
the differences in means of sub-periods for annual rainfall 
in Trinidad. all were significant at the 95% level (Table 13) 
although only one (1947-56 compared with 1957-66) reached 
that level of significance at St. Madeleine. In a previous 
analysis where the relationship between the mean of the sub- 
period and that of the whole period was considered, no statis- 
tically significant change was shown to have occurred, . For 
the dry season, three comparisons of sub-periods showed sig- 
Hiticgance at the: 95% level in the Trinidad data as against 
two at St. Madeleine. While for the wet season only the 
period 1941-50 compared with 1957-66 for Trinidad was signif- 
icant. 

This section of the analysis does two things. Firstly, 
it supports the earlier findings that the period 1957-66 was 
significantly different at both rainfall seasons when con- 
sidered in relation to the whole period (1921-66), and when 
compared with other sub-periods., Secondly Le .contimmsi.a 
point that was made earlier about the fact that fluctuations 


in a climatic time series may be statistically significant 
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in relation to one another although becoming insignificant 
when considered in relation to the whole series. Increases 
or decreases in the mean values of climatic elements when 
compared over individual fluctuations may show differences, 
over the period covered by these fluctuations, which are in 
fact significant, yet these significant differences may dis- 
appear in any long term statistical analysis. But what 
length of period is to be considered sufficiently long to be 
Statistically valid? Certainly, ten years is a long enough 
Pertod fOr any signiticant: fluctuations in climatic elements 
or a climatic element to have some impact on the environment. 

The use of different methods to investigate the pos- 
Slote fiuctuations and trends in. the rainfall of Trinidad 
was a conscious effort to indicate the difficulties that may 
arise in these widely used methods especially in terms of 
Statistical significance. Fortunately, the series used here 
were relatively normally distributed, but the problem would 
have been greatly aggravated if the series were highly skewed. 
Also, these analyses raise the question, whether each of the 
monthly values of rainfall should be individually examined 
for trends and fluctuations in areas where the rainfall is 
characteristically seasonal. One thing seems to be certain, 
and it is that one must be very cautious in drawing conclu- 
sions about changes and fluctuations in rainfall when only 


annual values are considered. 


It can be established then that there have been 
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fluctuations in the rainfall of Trinidad, West Indies, during 
the period 1921-66; also established is the fact that these 
fluctuations are of an average length of eight to ten years. 
In addition it is seen that the fluctuations, when considered 
as a whole over the period under review, seem to cancel out 
and therefore show no statistically significant changes in 
the rainfall pattern,of the period or no marked trends... As 
has been indicated the fluctuations have variances that are 
Significantly different from one another. In the opinion of 
the writer, these fluctuations, while not being sufficiently 
persistent either in the positive or negative sense to estab- 
Peshiandefinitestrend, sare iof sufficiently long :dundtion {to 
be of local consequence. The recurrence intervals of the 
oscillations in the rainfall series are not sufficiently 
fegular torbe-cychic) yet (those of «ight to ten year idura- 
Bron; sand Sthe tshorter ones of from four to five years seem 

to be of a persistency that can bear further investigation. 


This is taken up later. 
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CHAPTER V 
VARIANCE SPECTRUM ANALYSIS OF PRECIPITATION TIME SERIES 


The normal variability that exists in the precipita- 
tion records suggests that still further statistical verifi- 
cation should be attempted if the evidence of fluctuations 
Or periodicities in this element is to be relied upon. 
Further analysis is therefore attempted in this chapter. 
Much "cycle" research has been undertaken in an empirical 
fashion with the hope of first obtaining statistically sig- 
nificant results and, if possible, of tying these to some 
plausible physical causes. Most of these studies used some 
-form of harmonic or periodogram analysis (Berlage, 1954; 
Bier AcL954-PAbbot 27b958> “Angell and Korshover , “1963. 
Eliasen, 1958; Horn and Bryson, 1960; Sabbagh and Bryson, 
1962; Yen and Dotson, 1969). A review of the findings which 
are based on reasonably adequate statistical procedures 
reveals as the most universal rhythms or osciallations the 
following 20233323: 5-6). 1 =12:,) 19-24) “and30-35 “yearsein 
length (cf Landsberg, 1957). 

Panofsky and McCormick (1954) have pointed out that 
direct harmonic analysis yields a number of harmonics equal 
to half the number of observations; that the amplitude of 


these harmonics oscillates widely from one harmonic to the 
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next and finally, that the oscillations are not reproducible 
from one time series to another which has basically the same 
statistical properties. Therefore, there is a need to com- 
pute a smooth spectrum. The autocorrelation method with the 
number of lags small compared to the number of observations 
yields a smooth spectrum directly with a great deal less 
numerical work than would be required for computing and 
smoothing the spectral estimate obtained by direct fourier 
analysis. 

Tukey (1949) has indicated that the autocorrelation 
function C(t) should be applied to the "normalized" auto- 
covariance function because its value for lag zero is unity. 
The autocovariance function which is the covariance between 
x(&) and x(t +°t) as a function of lag tis quite useful 
although more difficult to interpret than the variance den- 
sity Spectrum. Wiener (1930) showed that the variance spec- 
trum (i.e., the decomposition of the variance with frequency 
or scale) and the autocovariance function contained the same 
information about the data. Subsequently, it was shown by 
Tukey (1949) and independently by Bartlett (1950) that the 
variance spectrum has a more stable distribution and that 
statistical confidence bands may be easily calculated. 

Tukey has also argued (1949, 1959a) that the Variance spec- 
trum is more easily interpreted than the autocovariance, 


Blackman and Tukey (1958) have claimed that 


"ss a means for understanding, and as a guide for 
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intelligent design, the variance spectrum is without a 
peer. The autocovariance function is of little use 
except as a basis for estimating the power spectrum, 
This is fundamentally because, in most physical systems 
power spectra have reasonable shapes, are relatively 
easily understandable, and are often quite directly 
influenced by the basic variables of the situation, 
whatever these may be." 

For time series of rapidly fluctuating elements, 
variance spectrum analysis has become a widely accepted tech- 
hique to separate "signal" from "noise", In meteorological 
series this tool has been primarily used for phenomena such 
as turbulent wind Peron e and transfer of heat and 
momentum (Busch and Panofsky (1968), Chiu Wan Chang (1960), 
Estoque (1955), Panofsky and Deland (1959). It has gradu- 
ally found its entry into analyses of wave motions on a 
hemispheric-synoptic scale (Boville and Kwizak, 1959; 
Eliasen, 1958), climatology (Fitzpatrick, 1964; Rayner, 1965, 
D367] Sapbagh and, Bryson, 1962;>) Horn and Bryson, ) 1960-7) “and 
hydrology (Rodriguez Itube, 1967). The method will be 
applied here to the analysis of the Trinidad precipitation 
series, 1921-66. 

The starting point in this spectral analysis is a 
function of time, x(t) defined in an interval 0 St tvin 
years relative to an arbitrary origin, 1921. The time series 
x(t) exhibits apparently widely fluctuating properties to 
the eye, and in previous sections of this work was shown to 
have oscillatory properties that can be isolated. Plots of 
some of this time series (graphs of x(t) against time t) are 


shown in Figure 29. They represent the dry season rainfall 
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Trinidad 


1940 


Ste. Madeleine 
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Mean Dry-season rainfall of Trinidad -1921-66,for five stations 
Figure 29 
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for five stations in Trinidad between 1921 and 1966 in- 
clusive. Time series of annual rainfall were also used. 

Most meteorological elements are notable for "persis- 
tence" in the short period, but since the element dealt with 
here is precipitation over intervals of one year, and for 
intervals of one season per year, it is assumed that the 
errors have a common but generally unknown distribution, the 


variability of which is characterized by its variance: 


o2 E (x-u) ? = ee (x-u) 7p (x) dx ok 6 2 Fe. Yottoumte Loa <e (8) 


foe) 


where E(x) yu is the mean value of x which is assumed to be 
constant and p(x) is the probability density function of the 
errors. Since the errors are Gaussian, the »p and o? charac- 
terize the distribution completely. Again, since x(t) is a 
function of time another factor is considered because consecu- 
tive values of x(t) are correlated. Therefore in addition to 
uu and o?, the simplest multivariate moment namely the covari- 


ance between the values of x(t) at different times need to 


be specified; 
¥ a5 = E{ (xj-u) (x5-H) J = E{[x(t,) “H] [x(t5)-u]}... (9) 


and since the assumptions of approximate stationary and near 
normality are made, then yu, o* and Yk provide complete 
descriptions of x(t). 

The data used in this section are the same as were 


used in the earlier parts of this investigation viz., monthly 


precipitation. Monthly totals were summed over each twelve 
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months to give the annual precipitation and over four months-- 
January to April inclusive of each year, to give the annual 
dry season total. The annual total rainfall for four sta- 
trons=-Trinidad, St. Madeleine, St, Augustine, and Spee ba kr 
over the period 1921-66, and the annual dry season totals for 
the same stations over the same period are the time series 
analysed. The computations were executed through a computer 
programme. There are forty-six discrete data points in each 
series, a number which is probably marginal in terms of the 
length of series for spectral analyses. There are no dis- 
continuities in the data and as a whole the data series are 
homogeneous. It must be pointed out that modification or 
filtering of data frequently takes place although not always 
-intentionally. The way in which the variable is recorded 
often modifies the data. The daily summation of rainfall, 
and then averaging over a month to give the mean monthly rain- 
fall figure is such a form. In this case the daily summation 
Of rainfall to give the ‘monthly total effects a modification. 
The effect of these processes on the data is scale dependent. 
Tukey's paper (1949) which deals with the sampling 
theory of power spectrum estimates, and his subsequent paper 
as co-author with Blackman (1958) form the basis of this 
analysis. The formulae given here are, in essence, those of 
Tukey with two exceptions: (a) the total overall mean is 
used to determine all serial products rather than the mean 


for the individual lag interval; (b) division of all 
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covariances by the initial covariance seonees the immediate 
computation of normalized line powers. However, when the 
data are plotted in this form, the variance at zero lag is 
not readily available. The formulae used are as follows: 


(i) Serial Products: 


n- 
SP sere (Xp - XX ME ee ee ee ee (10) 
AUR 
steal Ui << os nade “lalate 1 ame deg ee al sora! 


where p is the lag and n is the number of observations in 
the entire series. 
ei) Mean Serial Product or Covariances: 
Be ech /\in—p)s ) ce tcc een ee oeereh cme eee eee ae) 
(iii) Mean Lagged Product 


g=n-rh 


ee) nerh Eps Xa Xgtrh Lorku=0/Air,2 Py. SAGs) 


where mh<n,. It must be noted that so far as functions of CL. 


* 
are concerned the effective folding frequency is ae = —— = =f 


(iv) Covariance Ratio: 


R/R,=R’ ? Ro/Re= Be! o<p<m @ e ° ° e e ° e 2 e (14) 


(v) Line Powers: 
m-1 
/ 
eI /en) een ae Roe ee eee 2 C15) 
m- 


= / / + (1 R’ sth nt hy (iG 
Ly = (1/m) RQ + (2/m) 31 R, cos pht/m (1/m) m™ CO (16) 


m-1 


m axe EY, 
L = (1/am) (Ro+(-1) Rh) + (1/m) 204 (-1)R, - . - (17) 


where m is the maximum lag o<p<m-1; o<h<m-l. 
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(vi) Smoothing formula (Hanning): 


o*(k) is modified to the form oF (k) via 


oF (0) = 0.507(0) + 0.507(1) 
O12) e= 0125070) sok 5021 ja+a0e250eH 25 
oF (k) = 0.2507 (k-1)+0.507 (k) +0.2507 (k+1)...k=2... 
BE ee tn ney ea aM eer amr ete es EON gE Mini oF CIC) 
eLcernatively, the case i= 2 


UAL Pn UTE De RE LAAT 0.5V.; 


U 


x 0.25V_ 


NetOp ove+OR2GveM. | 


Plas. 
OnSite Oe seiwe | Acrsmt pun teak SE ee. (19) 


Un 


(vii) Line Variance: 


GOs re R(t) cos (eer) +(-1)* Rim)} (20) 
om eo fe fm] mt: - A 


where k = wave number, t = lag, o*(k) = line variance 

o?(0) and o7(m) are just half of the values given by the 
above formula. A crosscheck can be made however, by calcu- 
lating R(o) from o7(k) as follows: 


m 
Roo) ee. o*(kji=i1 «because? ofonormalization) £21) 
k=0 


Hanning was applied to the auto-covariance function through 
the variance spectrum sub-routine. 

The choice of the maximum number of lags m is impor- 
tant in obtaining the spectral estimates (Griffith et al, 
1956). It makes it possible to determine the variability of 
the data at a specific frequency. For resolution of the eee 
trum into narrow bands, m should be as large as possible, but 


if it is too large the computational work involved greatly 
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103 
increases and more important, the accuracy of the estimates 
decreases, It is suggested that m should be small enough in 
relation to N to make the number of degrees of freedom sat- 
isfactorily large since the number of degrees of freedom is 
related to the number of lags and the number of observations 
by: 


ar = 2N es m/2 ° ° ° e ° ® ° ° ° ° e ° (22) 
m 


where m = number of lags used. Tukey (1958) suggests maxi- 
mumelags ~n the vicinity of fiveyto ten per cent of the 
length of the record; Jenkins and Bartlett favour twenty to 
thirty per cent. A maximum lag of ten years was used in this 
analysis because of the length of the record available. 
Spectral estimates with fundamental periods of 2mAt are 
obtained for frequency bands centred at: 


0 ib m-1 al 
v OmAt’ eeeveecee amAt!’ QAt ry 2 » ° ey e ° ° ° ° 


The original data have been shown to be near normal and so 


(23) 


the variations of the spectral estimates are expected to 7fol-— 
low the Chi-square distribution (Panofsky andsprier, 6b9538)" 
Hence peaks are tested to find whether they are meaningful 


or simply due to sampling variations, 


RESULTS: 


Normalized variance spectra of mean annual rainfall 
during the period 192166 for three stations within Trinidad 
and for the island as a whole are shown in Figure 39. The 


most prominent feature of these spectra is the five year 


= 


OT y 
ye + ; arts x 2 } 2 oh am 
+e * 
) . > 
; a 
- y » 
a c a 
‘ 
eM 
ee 
| , “3 « ba 
j * 
p i 
— j 4» 
es ' r ‘ i? | rE 
- ~ + j —_ ; 
: sd ; u “ , 
A. 
éoites! Shin vonetbelt 
mys i, jp [ a 
oe x ] OF Tote $i: ef « Ne Jt 
[ ys isiitsse! [nigeecqce ” & 
re 
etl (Natanes) goed tana Ei 
\ q - : fy a. , f abt o ; 
HELO al 7 T2459 Siw Bret 7 na St Sa 26 2 
I - 
- t j » : = _ , 
a \ LETNOPISLASV witl Laese oOo? Set 
mY f 1 fa d 
hee \, 
4 i 
a " ‘pees 
7 7 . _ - | 
/ Th : 
7 i Pee Se Pao Oy i mee + os e pie oe il 
> TP beth ist ait Oo "3as3 ae pos Pe A eo ay t 
= i 7 i + E 7 
le : : 
Y ‘ is yao a oe ies —— a eo ee . ~ — ' 
bi Sehiatet atdsiw =n $2 soxd? ant Bc -Ieet 
[> ; 
te oO ek) i 
ian A ~— To . — 
i OL NwWene srs Bie A= 
? ¢ wrX< pi ae 


Spectral density 


Spectral density 


Frequency 


Normalized variance densit 


67 (k) o (k) 
.160 160 
Her St. Augustine 140 Ste. Madeleine 


12e 120 
100 > 100 
e 
5 
.08 
DB0 r .080 
: 
.040 040 
.020 .020 
.000 
ne rs re On es: k .000 
Frequency 
6? (k) o” (k) 
.200 .200 
.180 .180 
160 .160 
140 St. Clair eats Trinidad 
120F fe 740, 
”" 
Cc 
AS 
100 6 .100 
o 
@ 
a 
.080 .080 
-060 .060 
.040 .040 
.020 .020 
.000 .000 
WEED eat a ee yo Os, a 9k 23S 5 YS 2 7a oe €e 


Frequency 


y spectrum of mean annual rainfall, 1921-66. 


Figure 30 


104 


Frequency 


=* 
7 


% 
1 
. Af 
* 
- on i * 
¥ S 
' i 
/ } 
f 
’ , . 
j 
\ 
S \ ; 
! oT 
‘ 
¢ 
fi } 


‘ 
/ 
i 
\ 
t 
~ + if 
] 
* 
it 
) athe vg = 1 ~ A — 
x , a6 irs 
fonawpiry 
i 
Hf 
74) _ 
‘ 
;\ 
, \ 
ul ¢ 1 
9 is é \ 
4 loi arn «of \ 
i] 1 es i“ } 
| * 
; 
: LAWe ri aye 
Ni 
«fj i i a Te i 
] -, 7 q 


al | v5 f Ii ele An. 
id ; 2 : os | , 
si Sr . 


7 
= 


— . i 
\ OFl yr iy 7 
2 4 j 
‘ ; | A 7 * 
. : 
\ | ei 
‘ { 
— | Pes Waly Fe ise 
r f « a > ; 
(prey oert 
é n é . Gey 5 
; : 2 | it 
' * (68-(SeT Metaler lounne ne 
, ; ; aay, 
i i : 
: a ‘. £ o ny it 


105 
oscillation (f=4) that appears in three of the four curves 
Shown. The peak at this particular frequency accounts for 
20% of the total variance of annual rainfall for Trinidad as 
pevnOte e212 in -St..'Clair and 15% at St. Augustine, At Sty 
Pedeleine, pericds of 2,5 and 20 years (f=8 and 1 respec- 
tively) together account,for 25% of the, total variance, The 
twenty-year period contributing 13% and the 2.5 year period 
12%; 

The amplitudes of these spectral peaks were tested 
for significance. With variance spectrum analysis any fre- 
quency can be analysed independently of the number of obser- 
vations. The use of ten year lags permits the finding of 
Spectral estimates at frequencies 0, 1/20, 2/20, 3/20 up to 
10/20. It is then possible to show the oscillations that are 
more highly probable. Since the original data have a near 
normal distribution, the variations of the spectral estimates 
are distributed as Chi-square. The choice of m = 10 in 
Sada ciOns (135) gives eight degrees of freedom. The 5% limit 
Gf 'Gbi-square 4s 15.5] and the St, limit lot othe Chi—-quare, at 
ee 1.78....On the. assumption of white noise the theorecical 
estimate of the spectral amplitude at frequency = 4, for 
example is 0.096. Under the "white noise" assumption and 
a 95% confidence limit the expected spectral amplitude (rela- 
tive variance) is 0.162 for k = 4. The variance actually 
associated with this spectral maximum (five year cycle) is 
0.195 for Trinidad, 0.203 at or. Claiz,.0.149 at.St. Augus— 


tine but only 0.106 at St. Madeleine. The five-year peak 
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at St. Clair is significant at the 99% confidence Teves At 
St. Madeleine neither of the two spectral maxima is Signifi- 
cant at the 95% confidence level, 

Figure 31 shows the variance spectra of dry season 
rainfall for the same stations over the same time period as 
above. The dry season picture is somewhat different. For 
Trinidad as a whole, the dry season rainfall exhibits two 
spectral peaks--one at a period of five years and the other 
near a period of four years. The former is significant at 
the 99% level, while the latter is significant at the 953% 
level. At St. Clair, the five year cycle is significant at 
the 99% limit, while the four year cycle is significant at 
the 95% level. The St. Augustine spectrum shows two promin- 
ent peaks. The one at five years is significant at the 99% 
level, while the other of around 6.6 years is significant at 
95%. There are three Bees in the St. Madeleine spectrum 
which together account for 44% of the total variance--6.6 
years (14.28), 5 years (14.5%) uand 2.5) years (15%). None of 
these however, quite reaches the 95% confidence level. 

Figures 32 and 33 which show the auto-correlation 
functions of annual rainfall and dry season rainfall res- 
pectively lend support to the variance spectra although no 
test of significance is available for indicating the impor-_ 
tance of the peaks shown therein. The secondary peak at 
about a period of 2.5 years (lag 8), although not statistic- 
ally significant in any of the spectra occurs at all stations 


for both the dry season rainfall series and the annual rain- 
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fall series with a relatively high correlation coefficient, 

The most prominent oscillations in the annual rain- 
fall series of the stations analysed were 4, 5, and 6.6 year 
periods, These periods were not equally important at all 
stations. However, the five year oscillation was highly sig- 
nificant at almost all stations tested. The same periodici- 
ties show up in the dry season rainfall series and again the 
Dave year period’ was statistically Significant at all” sta- 
tions except St. Madeleine where there is evidence of a 2.5 
year and a twenty year period. These periodicities of four 
and five years may probably be of some unique interest, 
because their interpretation might very well be essentially 
meteorological rather than astronomical. 

It must be emphasized that a single sample sequence 
can produce many different spectra depending upon the vari- 
ous filters and windows used in the calculations. Nonethe- 
less a spectrum provides a different and often extremely 
revealing way of looking at a sample sequence. The same 
information is contained in the original data as the spec- 
trum but is arranged differently. Therefore any one spectral 
analysis should be considered as one of a number of possible 
alternative steps in the process of investigation. It is 
not necessary that any spectral analysis should provide con- 
crete results but it should at least suggest new lines of 
inquiry. The data analysed in this section show certain domi- 
nant oscillations with periods of about 2.5, 4, 5, 6.6, 20 


years, and these might very well be time scale dependent. In 
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addition, the processes that generate these oscillations may 
have different physical causes. The variance spectrum gives 
some indication as to the scale of these generating processes 
and may therefore suggest lines of further investigation. 

Finally, there is a need to indicate that even though 
large and quite regular variations occurred in the precipita- 
tion of the period under study, it is quite possible that 
equally large and regular variations with the same oscilla- 
tory periods may not repeat themselves in the next forty-five 
year period. For example, in Figure 29, the striking oscil- 
lations evident in the period 1925 to 1945, were not repro- 
duced with the same intensity in the period 1950 to 1965. 
However, the earlier oscillations (1920 to about 1950) domi- 
nate the varitanceidistribution sufficiently to imprint their 
basic characteristics on the spectrum, This is not to deny 
that the period after 1950 did not contribute to the vari- 
ance, but its contribution was perhaps much less than that 
Of the) earlaers period! ayconsequently, extrapolation into 


the future using this technique must be guarded. 
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CHAPTER. vi 
CORROBORATIVE EVIDENCE FOR CLIMATIC FLUCTUATIONS 


The statistical analyses in Chapters IV and V show 
that fluctuations exist in the precipitation of Trinidad 
with what appears to be a certain regularity. It was hinted 
in Chapter IV that it might be possible to assess the sig- 
nificance of, or obtain corroborative evidence for these 
fluctuations by using other methods and approaches. Two such 
approaches will be given here: (a) the water balance 
approach and (b) the dendroclimatic approach. Water balance 
computations and tree-ring data are used in an attempt to 
seek confirmation of the fluctuations in rainfall. These two 
have been chosen because any fluctuation in precipitation 
should be readily reflected by both of them, 

(a) The Water Balance 

Precipitation has always been considered an impor- 
tant element in the hydrologic cycle, 7*Within= thet past twenty 
years however, it has come to be assessed less for its totals 
and spatial distribution than for its effectiveness as soil 
moisture in the ecosystem. This approach has been heightened 
by the resurgence of evapotranspiration as a climatic element. 
Precipitation is seen as a supplier of moisture to the earth's 


suritace This moisture will be dissipated in various ways: 
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evaporation back to the atmosphere, percolation through and 
retention by the soil, run-off over the soil surface, inter- 
ception by the leaves and branches of plants, and so on, 

If the sufficiency and effectiveness of precipitation 
are to be measured in relation to-+the balance that. exists 
between it as an input source of moisture, and evapotranspira- 
tion which should be taken as an output source of moisture 
from the earth surface, the concept of a "water balance" is 
valuable and effective. The idea of a water balance is a 
relatively new one which is tied physically to the concept of 
the "energy balance" through the concept of evapotranspiration. 

One of the basic difficulties encountered in this con- 
cept arises from the problems in measuring evapotranspiration. 
The theory of turbulent diffusion cannot be applied to the 
realities of evaporation off natural surfaces until the depend- 
ence of evaporation on soil and vegetation factors is ade- 
quately defined. There is still no simple physio- 
logical theory of, the transpiration process, or of the rela- 
(ion. of.So0i), mo1sture tension 4to:-<botal moisture, content sand 
the behaviour of the root system. In other words, the com- 
ponent parts of the natural evaporative process are not yet 
satisfactorily within the grasp of simple theory. Attempts 
to resolve this difficulty have resulted in a variety of 
approaches among which are: the aerodynamic approach, the 
energy balance approach, empirical formulae and in-situ mea- 
Surements. The aerodynamic approach is based on the physics 


of vapour transfer by eddy diffusion; the energy budget 
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114 
approach takes into consideration the fact that a knowledge 
of net radiation permits an estimation of potential and actual 
evapotranspiration, The in-situ measurement approach makes 
use of drainage lysimeters and evaporation pans. The 
practical empirical approach combines the energy balance 
approach with that of the aerodynamic in order to find equa- 
tions that exclude normally unmeasured quantities. The 
resultant equations Show that potential evapotranspiration 
is a function of the net radiation and a wind dependent sat- 
uration deficit term, One ofthe criticisms of*this 
approach however, is that the wind function in the saturation 
deficit term is derived from an open water surface whereas 
vegetation covers are considerably rougher (BuSinger, 1959). 

Empirical formulae relating evapotranspiration to 
meteorological data have been developed by a number of people 
among whom are Penman (1948, 1956) and Thornthwaite (1948). 
Numerous researchers have attributed advantages to one or 
other: of theset in veto tropicals regions. (Change etraige 963), 
196678 Fitzpatrick ‘and? Sterns 1965;! Fuhriaman wand Smith, alos); 
Cowan. and: Enness7;,* 1956;) Campbeliy et=aljn 1959," vates, 1904; 
Thompson et al, 1966). The one that has been most widely 
used among geographers is that of Thornthwaite. His proced- 
ure of deriving the potential evapotranspiration from screen 
air temperature records has an obvious advantage int that’ this 
climatic element is the most commonly measured everywhere. 

It is conceded however, that air: temperature represents only 


a limited measure of the energy exchange. The Penman formula 
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215 
has not come into very common use because of the problem of 
data availability. The parameters used are not widely 
measured and therefore it is only over relatively small, 
intensely instrumented areas that the method can be effec- 
tively used, In most tropical regions stations that measure 
elements such as short wave incoming solar radiation, satura- 
tion vapour pressure at air temperature, actual hours of sun- 
shine, horizontal wind speed at two meters height are almost 
non-existent. This makes the application of the Penman 
formula impossible for any sizeable geographic region. The 
Thornthwaite formula on the other hand, uses elements that 
are widely measured and it has been found to give comparable 
Gesulcts (Bernard, 1945+ Chenery “and Hardy, 1945; Hardy, 1947. 
Sanderson, 1950). Furthermore, apart from providing a rela- 
tionship between temperature, day length and precipitation 
and potential evapotranspiration, the Thornthwaite procedure 
permits a bookkeeping method for the calculation of actual 
evapOrtcanspiration (ET.), surpluses, deficits, and’ run-ore 
on the assumption that the value of soil moisture storage is 
known. Discussion of evapotranspiration estimations in the 
tropical regions shows the lack of agreement reached so far 
by using empirical formulae. 

Cowan and Inness (1956), using the formulae of Blaney 
and Criddle, Thornthwaite, and Penman describe experiments 
in the tropics dealing with the application of meteorological 


data to the evaluation of evaporation from a free water 
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surface and the evapotranspiration from a continuous canopy 
of sugar cane in Jamaica, West Indies. The correlations 
between the derived estimates of evaporation and measured 
evapotranspiration as they calculated them are given in 


Table 14. They inferred from this that estimates based on 


TABLE 14 


CORRELATIONS BETWEEN EVAPORATION AND ESTIMATES 
OF EVAPORATION, JAMAICA, WEST INDIES 


2 


8 ro x" 7 00* 
Penman 0.985 97 
Blaney and Criddle OTS 59 74 
Thornthwaite 0.788 64 


eee x 100 is the per cent extent to which derived 


estimates agree with measured estimates. 
(Taken from Cowan and Inness, 1956) 

temperature data alone are far from precise under Jamaican 
conditions which may well be the case in many tropical mari- 
time climates where the annual range of temperature is small. 
However, the ratio of measured evapotranspiration (E,) 8) 
the Penman estimate derived from open water evaporation, Eye 
Seetis to vary from 0.57 in)glamaicasto 7? 71 ineAus tralia and 
Thompson (1965) claims that results from an experiment in 
Natal show that measured En approximately equals Class A Pan 
evaporation. Tabulated "f" factors relating potential 
evapotranspiration of sugar cane to open water evaporation 


as estimated by Penman's E., obtained from studies by 
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Fuhriman and Smith (1951), Cowan and Inness GEIS 6) 7. Campoe lL 
eu alo Xxt959), Thompson etal -(1963))) Chang etal (1966) and 
Yates (1964) are given in Table 15. These data seem to indi- 


cate that the consumptive use of water by sugar cane, water 


TABLE 15 


MAXIMUM RATES OF POTENTIAL Ene vi" FACTORS ‘AND 


ESTIMATED Eo FOR VARIOUS COUNTRIES 


En measured Eo (Penman) 
REGION ins./day neu ins./day 
Puerto Rico ORL O295 0.20 
Jamaica Qi k5 Od 7 0.26 
Hawaii 0.34 P30 0° 26 
South Africa 0.24 06 0223 
Queensland, Australia 0.36 sO bl 0y23 


not limiting, can be approximated with a Class A Pan, and 
that the ratio of evapotranspiration tO pan evaporation lies 
between 029 and 1.7. 

It is evident to this writer that there is some cor- 
relation between the consumptive use of water by, Say, sugar 
cane and pan evaporation, but the wide variation of "f" 
factors reported seems to indicate that no basic generaliza- 
tron 2s yet valid, 

Evaporation measurements have been made at St. 
Augustine since 1950. However, the evaporation pan used 


was not of the generally accepted standard, nor were the 
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records reliable until 1967 when U.S.W.B. Class A Pans were 
installed at a number of stations in the island, including 
St. Augustine (Figure 1). Some monthly values for 1968 and 
1969 taken from the Piarco records are given in Table 16. 
These open pan values represent the maximum or potential 
evaporation Eor that can take place from a free water surface 
uncer the prevailing climatic conditions. Evaporation in 
nature however, might be considerably less than the potential 
evaporation. Another source of water, that stored in the 
soz | Les oINe taken into account. The number of interrelated 
climatic and edaphic factors, and the innumerable combinations 
into which these factors may enter pose a formidable barrier 
to any Simplistic approach. It is not impracticable however, 
to use the evapotranspiration concept and the water balance 
approach to indicate in the most general terms what the water 
requirements of an area might be, the periods in which defi- 
cits and surpluses are most likely to occur and with what 
regularity. For reasons already cited, the Thorthwaite 
method is used here to analyse the data available on the 
Ustland or Trinidad, 

Actual calculations of the water balances were effec- 
ted through a computer programme, GEO o¢¢1, a modification 
of "Silviculture General Utility Library Programme, GU-101 
(Black, 1966). The programme is designed to compute the 
water balance by methods based on Thornthwaite and Mather 


(1957). The computations represent a MrT ia ne wedi Ly. sod 


Pt9 


—_—_---———_—————————————————— eee 


LSOtT C°SETeT TS1 “8 09T 8°99T T*Per TGeTas 9S¢ 6 ogc Groce cc; mo apple Gost 


ecamg O° Sime SOTTS COT O° CST GaiGl, O° S9TSG GOT 46° 62L me Pie pacot. le elo tan 


dc GAON® . LOO me dadS gp DOV ATNG ANDPS AVN itaay Lev “daa “NVC UVEA 


ens 


(°wWw UT SENTRA) “*696T PUue 896T ‘OOUWId LY NOILWYOdVAR NWd W SSW 


9T ATAVL 


»? 
+ 
Po 
be 
° 

’ 

P) 
ae 
‘é 

f 
tt 
vl 


. : 
sce" 
— = 7 
ee a 
. 7 7 : 


a < 
———— 


‘ ™ 
hig ~ z - 
3 H 
{ - 
~—_ ~ 
. S A 
i , Py oO 
f a, rs 
‘ ' = ¥ 3 
\ 
| “ 
“, - 
<3 At 
iif ar 
iQ Sal 
. - 


‘ 
&- 

e wr 
aan 
= 

he 
- 


I + ~ >" 
os j : 
‘ 
"4 thi, a, 
a) his 
‘ | i ” 


S2om 
_ 
7 7 


= 
et 


maveORY 


a 
va 


+ 
a 


120 
which each year's water balance is calculated and the pertin- 
ent values from one year are carried over to the next, A 
summary follows the last year and represents monthly averages 
for the specified "categories" of the water balance. 

For the purpose of this analysis the storage capacity 
of the soil is fixed at four inches (101.6 mm.) (Thornthwaite 
eandyMather) 01957) .£or.twoestations-—--Sts Madeleinesand!St. 
Augustine and six inches (152.4 mm.) for the island as a 
whole. These values correspond to some estimates for tropi- 
eC2ppsoiis »(Baver,  1942soHardy, 1947seTexzaghiy 1942). eythere 
are of course important regional differences in the soils of 
Trinidad, and little is known about the water holding capaci- 
ties of all the various soil types. Vegetation cover also 
adds to the complexity of the picture, for example, deep 
rooted crops such as tree-crops may increase the effective 
available water in the soil. For these crops ten inches 
(254 my) might’be atmore realistic valuey ~“Shallowtrooted 
crops such as vegetables, on the other hand, reduce the avail- 
able waterain the soik, Forstheseicropsp/threevinchesp(7602 
mm.) might have been more correct. 

If evaporation data were available for a larger num- 
ber of stations ae the island, the isolines of annual 
evaporation in Trinidad would probably show a constancy of 
form. In all months there is expected to be a general and 
rapid decrease of evaporation with increased distancéeafrom 


the coasts because of the combined effects of two factors: 
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convection and wind speed. Convection is strong over the 
land especially during hotter hours of the day when most of 
the evaporation takes place (Neuman, 1954; Pasquill, 1949), 
and is almost absent over the sea during that time, This 
increases cloudiness and reduces radiation overland. Wind 
speeds tend to be higher near the coasts than over inland 
epeas.. This is not only caused byiimore friction; at the 
earth's surface but also by sea breezes which prevail during 
those hours when most evaporation takes place. Without fur- 
theryresearch it 1s ampessable to say which tof;these: two 
factors is more important in its effects on evaporation in 
the island. 

Figure 34 shows the water balances for St. Augustine, 
St. Madeleine, and for the island as a whole based on long 
term averages of precipitation and temperature. The poten- 
Cuad evapotranspiration values for St. Madeleine and St. 
Augustine are shown to be identical mainly because the temper- 
ature values used in the water balance computations for these 
two. areas are the same. This is necessary because temperature 
data are not collected at St. Madeleine. The two areas which 
are about thirty-five miles apart are similar in terms of 
elevation, vegetation types and stage of economic development. 

The water balance values based on long term averages 
at these two stations fail to show the effect of the year to 
year variability of rainfall, one of the important character- 


istics of precipitation in Trinidad. Figure 34 does indicate 
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Mean Annual Water Balance 
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Mean Annual Water Balances (1921-66) for Three Stations 


Figure 34 


however, that annual water deficits can be quite consider- 


able even using long term means--314.5 mm, (12.4") in St. 


Augustine pe30 Pe2ammne (Gi 0 eotingst. Madeleine and 180 mn, 


G2Al")e for sthe island as pacwhole. athese deficits occur 


primarily in the period January to May. A secondary, 
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ibs: 
though minor deficit, that is known to occur in one or more 
of the months September to November of some years is not 
brought out. A general feature of these long term water 
balances (those calculated on the basis of means for the 
whole period) is that the potential evapotranspiration de- 
creases when the precipitation increases. This is caused by 
the higher relative humidity (Figure 4), lower temperature 
and more cloudiness during times of rain as compared with 
dry periods. However, the variation of evapotranspiration 
is much smaller than that of precipitation. St. Augustine 
for instance, has values of monthly means of hourly relative 
humidity for January to April of 82, 80, 78 and 78% respec- 
tively while the values for June through October iS 86% ris- 
ing to 87% in November, returning to 86% in December. In 
addition, the relatively higher wind speeds in the dry season 
increase evaporation. The average wind speed in the dry 
season is 6.1 knots, but decreases to 4.5 knots in the rainy 
season (Figure 4). 

The mean annual deficit for the forty-six year period 
(1921-66) ate Sts. Augustine.is.314. 554mm. i 1 2540)... el benactual 
valuesav anges from.65i.mm.0.in.1959.to, 222mm. ane 1933 (254 6RrO 
0.9"). At St. Madeleine the mean annual deficit isy303.. 24mm, 
(12) 2. ©The: range; is..722,mm,.ing1929.to 25 mm.)an. 1922 (28,4 
to 1"). The mean annual surpluses are 361.3 mn. (AL 22) cand 
431 mm, (16.3") for St. Madeleine and St. Augustine respec- 


tively. These values are in themselves very revealing, but 
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it is probably more useful to obtain some indication of the 
variability of moisture sufficiency, trends and fluctuations 
in moisture deficits, and the regularity with which periods 
of large deficits recur, 

Five and ten-year cumulative means of annual moisture 
deficits and surpluses were calculated for St. Augustine and 
St. Madeleine, and for the island as a whole. The curves 
are shown in Figure 35. At St. Madeleine, annual moisture 
deficit fluctuated poreeeoe between 1921 and 1948, but 
there was an overall rising trend. This coincides with the 
period in which temperature was rising. There was a sudden 
rise in the values of moisture deficit between 1950 and 1960, 
and a decrease after this period. The period of sudden 
increase in the deficit values of the 1950's matches too the 
period of decreased precipitation, The graph of moisture 
surplus shows three periods of decreasing surplus and three 
periods of increasing surplus. Moisture surplus decreased 
in the periods 1921-29, 1935-42 and 1950-60, and increased 
in the periods 1930-34, 1943-49 and 1961-66. 

At St. Augustine, moisture=deticeit fluceuatedsbetween 
1921 and 1945, showing a generally decreasing trend. In the 
period 1945-59 however, there was a rapid increase in mois- 
ture deficit. This period was followed by another decrease. 
Moisture surplus on the other hand fluctuated widely, in- 
creasing in the periods 1931-34, 1940-45 and 1957-66 and 


decreasing in the periods 1922-30719 3537 and 1946-56. When 


rm 


Wwisd Hsiervjorl? a seliao evita | , tude 


(we, 
ao Tek 
a ey a 


BGT 
uF ; ; ——-" 


nse Ts , q Tae i =e a " pide 
site P 1% 


; ee 
(+ OVS Me rato tye Stee 26 wid 
= Ney ee 
a9 of ?obaek pete eeed tes aLO 


54 
¥ E 
} ‘ 1 c wy 
Sy Wi t 
r od i 
} a 
: — f — { 
“df ; Ae YS ra r. i 
' . Lig | hae f ' > 
. 
 - “as 
i Sh to Fae 
| ae) = »it iss ‘ 
t : * er. 
. bo cat) = a ae wet ~ene 
yid Qo weer pert nk oleae 
¥ I 7 Ae 
; 3- ‘nna os 
for sy soroet Lcescamaahe ai ’. 
: ( > om 7 ey 
e epainab ee asateay ‘outed "swore - Lg: 
= , oS co 


Cyd Se eee papendieint 20 , eee 
i y ve * . 7 re 7 
cL Bre f beat R6meeeE abot ee : 
| | | te | 
)~ Le i heme ape wins § besater Sees tee 
| Tae be ) 
me 38 a ah 


in . 
Ae .fneae> pa ee eaten. ‘ ; 7 ow see 8 bre 1 SEC 


Ca 
: i tr st Sot Breas Se eam» 
i } 7 
a 
2@S57oeh toetiions vd Bewhlier 


bas 8-1 Ct ‘BAS = 


eke u 


cae? 


t96l 


Ge sanora 
99-IZ6| - snjdins sej0M jONUUD (gq) PUD JIDIyap Ja}DM |DNUUD (D):}O SUDSW 


1sét LVél teél 1Zé6l 1961 tSél \vél \cét 
ot 


JDeA- ua] - ---_-- 4IDaf-uay ------- 
JOah- BAI{ ———_ 4oak- aAl4 


\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 


~pppiuiyl 


BAHO|NWND JDaA 


Zot 1961 


-ua} PUD daly 


“166l \vél 


lest 


1Z6t 
00 t 


: 


SOIJQU 


IW 


SOIJOUUN| IW 


126 
St. Madeleine is compared with St. Augustine some important 
differences can be isolated. In general the amplitudes of 
the major fluctuations are much greater at the latter station. 
In the period 1950-1960, the amplitude of the fluctuation at 
St. Madeleine was 305 mm, (12") while at St. Augustine it was 
400 mm. (15.8"); also the periods of lowest deficits were dif- 
ferent at both stations--1951 at St. Madeleine, but around 
1945 at St. Augustine. Again, water deficit increased mark- 
edly at St. Madeleine from about 1951 to around 1960, and 
then decreased. At St. Augustine this period of marked 
increase in moisture deficit started around 1946 and contin- 
ued to around 1961, before the decreasing trend started 
again--a lag of about five years. At St. Madeleine, the 
moisture deficit values fluctuated markedly between 1921 and 
fost but no major trend is noticeable; at St. Augustine how- 
ever the short period fluctuations are present but a marked 
decreasing trend set in about 1933 and continued to about 
1945. The fluctuations in the moisture deficit values are 
quite nearly coincident with the fluctuations in the dry 
season rainfall (see Figure 24). 

For the island as a whole, the short period fluctua- 
tions are more marked--4-5 years in both graphs, yet it is 
possible to detect a decreasing trend in moisture deficit 
between 1921 and 1948; a rise thereafter to about 1962, fol- 
lowed by another fall. The graph of moisture surplus seems 


to indicate a widely fluctuating but rising trend between 
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1921 and 1946; a falling trend between 1947 and 1961 and a 


rise thereafter. As would be expected, there is a very close 
association between the graphs of moisture surplus and those | 
oF Mean annualerainfally) Similarly, there is a close corres- 
pondence between the graphs of moisture deficit and those of 
mean dry season rainfall. 

The influence of rainfall variability on the water 
balance is shown in Figures 36, 37 and 38, where the water 
balances aoe drawn for individual months for two stations and 
for the island as a whole over the period 1921-66. These 
water balances indicate that there is a considerable water 
deficit between February and June. Its magnitude is shown 
in Table 15. In exceptionally wet or exceptionally dry years, 
the duration of.thé period and’ the amount of water deficiency 
is quite variable. There are however, definite periodicities 
which correspond to the oscillations in rainfall. These 
periods are discernible on the graphs. There are two periods 
--one of five years duration in which an average of four 
years of relatively large moisture deficits (~400 mm, or 15.8") 
is followed by one year of very low deficit value (~77 mm, or 
3"). Superimposed on this isa’ longer period of about eleven 
years, 

The years of low moisture deficits seem to occur with 
predictable regularity--1922, 1927, 1932, 1938:) "1943 ;ch9-48, 
1951, 1956, 1961 and 1965. The longer period is no less 


marked (Table 17). There are a few exceptions. Time shifts 
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Soil moisture storage,152.4mm. 
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Water balance for individual months,1921-36 at St.Madeleine, and St.Augustine in 
Figure 


Trinidad and for the Island as a whole 
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Water balance for individual months,1936-1951 at St.Madeleine, and St.Augustine 


in Trinidad and for the Island as a whole 
Figure 37 
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Trinidad: Soil moisture storage,152.4mm. 


Usine St.Madeleine: soil moisture storage,101.6 mm. 
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St.Augustine : Soil moisture storage,101.6mm. 
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Water balance for individual months, 1951-66 atSt.Madeleine, and St.Augustine in 


Trinidad and for the Island as a whole 


Figure 38 
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are apparent between stations, hence slight variations in 
Mevactual years occur, but the periodicities are evident. 
It must be noted that in the period 1957-66, when both the 
Seasonal and annual totals showed a sudden decline, the 
moisture deficits naturally became Greater, (J thesvery wet 
year of any one period becomes less wet and so the disparity 
in moisture deficit between the four dry years and the fifth 
wet year that was so unmistakably present earlier became 
less pronounced although no less evident. It was in this 
period (1957-66) that some of the largest consecutive defi- 
cits occurred. A noticeable characteristic of the periods 
of high moisture deficits is the way in which the deficits 
are distributed. After a relatively wet year, the deficit 
builds up to a maximum which is reached on the fourth year 
as if in anticipation of the amelioration that the fifth 
ee brings. 

In some years there is a secondary deficit during the 
months of September, October and November, a feature of the 
water balance that is not apparent from the long term aver- 
age graphs. The magnitude of the secondary deficit is rela- 
tively low ranging from 1 mm. to 70 mm, (0.04" to 2.8"). 

The largest of these secondary deficits occurred in 1957 when 
the deficits for September and October were 66 mm, and 70 mn. 
respectively at St. Madeleine and 69 mm, and 36 mm. at St. 
Augustine. There seems to be no recognizable pattern of 
occurrence for the secondary deficits,but after 1956 the 


vWalvies Of moisture deficits have increased as have the 
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occurrences of secondary deficits, 

The major period of water deficiency does not always 
coincide with the dry season except in years when December is 
exceptionally dry. The moisture stored in the soil, together 
with whatever rainfall occurs, is usually sufficient to meet 
the needs of evapotranspiration during the month of January, 
and to minimize the deficit in February. Deficits do in 
fact exist however, in the period February to June and some- 
times July if the rainy season is late as it was in 1934, 40 
and 57 for example, but the magnitude of the deficits in- 
creases rapidly after the complete utilization of soil mois- 
ture to a peak in June, after which time the rainfall is 
sufficient to meet the P.E. needs and to replenish the soil 
moisture storage. July is usually the month in which soil 
moisture recharge is ZEPiLs highest. 

The three ee balances presented in Figures 36, 37 
and 38 show remarkable similarities although the water bal- 
ance for the island as a whole was based on the average 
values of precipitation and temperature from all reporting 
stations in the island. These of course include both areas 
of high rainfall and areas of low rainfall, but averaging 
over all s@ations only affected the magnitude of the deficits 
and surpluses. The other two balances will be commented on 
briefly. 

The water balances for St. Madeleine and St. Augus- 


tine show that there is a considerable annual *adefsacit in the 
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period February to June and in some years, July. The mois- 
ture is generally adequate during the remainder of the year 
moO Meet the PxB. erequirements, In |someyears thowevéer) there 
is a Minor moisture deficit in the period September to Novem- 
ber caused by lower wet season precipitation as well as 
increased evaporation. This secondary period of moisture 
deficiency coincides with the second and deeper minimum in 
the sea level pressure curve associated with the sun's south- 
ward journey (see Figure 5). The largest surpluses occur in 
July, August and September. Although the water balance at 
St. Madeleine is very similar to that of St. Augustine, there 
is an important difference; the latter station shows larger 
surpluses and relatively aaa deficits. This is probably 
due to the fact that St. Madeleine is situated nearer the 
eeast than’St.-Augustines (There is a definite periodicity. 
of about five years in both balances. This periodicity is 
easily recognized on the water balances especially in the 
period 1921-57. After 1957 it is less easy to identify 
visually although it is still present. Superimposed on the 
high frequency period is a period of lower frequency. 

In summary, it could be said that periods of water 
delichryoccur AE une in Trinidad and that the magnitude of 
these deficits depends on the variability of rainfall. The 
usual type of water balance based on long term averages 
fails to illustrate the important effect of short term rain- 


fall variability. Month to month balances drawn for 
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individual years show considerable departure from the average 
conditions, 

The largest moisture deficits occurred tn 1959 when 
the actual values were 722 mm. and 651 mm. (28.4" and 17.0") 
at St. Madeleine and St. Augustine respectively. The total 
precipitation in that year was 1067 mm. (42.0") at St. Made- 
Welnesand 1250emm., (49.2%) eat ust. “Augustine ) ewhilecthetdry 
season "totals were 50 mm. “and 63.5 mm. °(1.9""%and 2.5") res- 
pectively. The smallest deficit occurred at St. Madeleine 
an 1921 (ic mma von t0CG") @withwatrainfall total © for #tthetyéar 
Sua2z0s eee tSOOl" eandsatdry Season@total of 308emme) (P201"), 
and at St. Augustine in 1932 (22 mm. or 0.9") when the annual 
total rainfall was 2065 mm, (31. 3") and the dry season total 
was 450 mm, (17.7"). The largest surplus occurred in all 
areas in 1933--1130 mm, and 1007 mm. (445 Gand 7420 20%) ¥at 
St. Madeleine and St. Augustine respectively. In June of 
that year “aldevastating hurricane struck’ the “island, «The 
total precipitation for that month was SOMemm ee C2 0 )*: 
The smallest surplus values occurred in 1959 at both stations. 

There are two unmistakable periodicities in the dis- 
tribution of moisture deficits shown in the island--one of 
5-6 years and ud other of 11-12 years. Four years of large 
moisture deficit values are followed by one year of very 
small deficit. Superimposed on this is the period in which 
ten years of relatively large deficits are followed by one 


year in which a deficit that is even smablervthan that sop the 
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sin aa 9 year occurs. The isolation of these periods could 
undoubtedly prove invaluable to agricultural planning, irri- 
gation schemes, and for the provision of water for both 
domestic and industrial purposes. In general, the fluctua- 
tions in the moisture deficits and surpluses shown in the 
water balance parallel those that appeared in the analysis 
of precipitation. The water balance analysis therefore con- 
farms the conclusions of the rainfall studies, 

(b) Tree-Ring Analysis 

The statistical evidence presented so far indicates 
that rainfall and temperature fluctuations of a significant 
magnitude have occurred in the climate of Trinidad during 
the period 1921-66. Hine one thee in climate however, may 
also be assessed in terms of the biological effects observed. 
It seems useful to test the foregoing findings by analysis 
Ofecatarcelating tovwpiant. besponses.  Iteplants reflect the 
fluctuations indicated by the previous analyses, these may 
be accepted as proof of the significance of these fluctua- 
tions. 

The purpose of this section on tree-ring analysis is 
to see whether the fluctuations in climate in Trinidad are 
in fact reflected in tree growth. It is possible to test 
critically the covariation of growth and rainfall (Glock, 1955; 
Schulman, 1954), but in a preliminary investigation such as 
this, this method is probably too elaborate. This writer is 


aware of the short-comings and possible misinterpretation 
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inherent in (i) the use of rain gauge records taken some 
INiles from the site of the tree Samples; (11) the use of a4 
Single radius to represent the entire volume growth of a tree 
and (iii) the emphasis on a single growth factor. However, 
gf signiticant results are forthcoming in spite of these 
drawbacks by proper selection of trees from the correct habi- 
tat, this section will be worthwhile in view of the simplic- 
ity and directness of the approach. One is able to assume 
that the temperature factor, the other major climatic. factor 
in tree growth will not be subject to such variability during» 
the period as precipitation; hence assuming all other growth 
Factors as unlimiting, Fluctuations in growth rings may be 
taken as reflections of £luctuations in. precipitation. 

A basic assumption in tree-ring analyses is that the 
formation OL aiwide Or narrow Kring 1s Largely a function of 
the available food supplies which are initially manufactured 
through photosynthesis and accumulated throughout the previ- 
ous season; that climate influences ring growth primarily 
through its control of photosynthesis and other processes 
affecting the accumulation of stored food. However, climatic 
conditions can sometimes directly induce the cessation of 
growth. In the tropics, growth does not completely cease 
under certain limiting conditions, but may be retarded. Pre- 
cipitation is the primary control, but temperature may modify 
its ual ikea Both elements affect tHe water relations of 
tree growth. Therefore, the ring widths represent an inte- 


gration of the favourableness of the environment of 
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approximately one year's duration containing a dry season 
when water is scarce and a rainy season when the water supply 
is abundant. In tree-ring analysis it is inferred that te 
wider a ring the more moist the climate. 

In 1970 four areas in Trinidad were chosen centering 
around four weather stations where relatively homogeneous 
rainfall records of long duration were available--Point 
Fortin, St. Madeleine, Couva and Tamana. These were selected 
as stations representative of the high rainfall areas (Tamana 
and Point Fortin) and the lower rainfall areas (Couva and 
St. Madeleine). In some years the western or leeward precipi- 
tation régime exhibits a major and a minor minimum, but the 
annual precipitation is always much lower than at the eastern 
or windward stations. The mean monthly distribution however, 
exhibits one maximum centering around the major plant growth 
season, May to December. 

Several forest stands were sampled within a radius 
of three to four miles around each weather station. The 
samples were extracted from individual trees using a fifteen- 
inch Swedish Increment Corer. The trees sampled were domi- 
nant or co-dominant species and in the timber stage of devel- 
opment. Furthermore, the locations were chosen so that 
abnormal drainage toward or away from the trees was supposed 
to be at a minimum, When possible, several samples were 
taken from a fees of sites and species so that differences 


in the tree growth response might be compared. Five trees 
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were selected from each association. At first a sample of 
four cores from. eachvof "five ‘trees ‘was collected, but later a 
sample of two cores each from a larger number of trees was 
thought to be more representative of the regional tree growth 
peactcern. 

There were several problems ranging from the limited 
age Of *trecs stOnthe tdPirvculty “of =locating@especi es “that “would 
show pronounced growth rings. In cases where trees seemed 
old enough the trunks were so large even on apparently stress- 
ful locations, that the corer extracted a relatively short 
period of growth record. Because all cores consisted of 
apparently sound wood none was discarded. Furthermore, 
because site factors such as light, drainage slope, ground 
water relations and competition were evaluated on the site, 
no reason existed immediately after the collection had been 
made for the rejection of any specimen. 

The cores were subjected to the following procedure 
to prepare them for analysis: They were air dried and then 
glued into a grove sunk into a wooden strip. They were then 
shaved and sanded to expose the growth layer (Carnegie 
Institute Publication, 1937).° “Beginning with the: increment 
for 1970, the growth layers were counted inward and dated on 
the assumption that each sharply bounded layer represented 
a new initiation of growth. In effect, given normal condi- 
tions, a wide ring for the rainy season and a narrower ring 
for the dry season. In the case of the Jack-pine samples 


(Pinus banksiana) which were taken from a government operated 
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plantation (Forestry Department of the Ministry of Agricul- 
ture, Lands and Fisheries), the date of planting was also 
known. Skeleton plots were set up on co-ordinate paper, each 
ordinate representing a year. If a sharply bounded growth 
layer was decidedly narrower than its immediate neighbour an 
ink line was drawn on the ordinate appropriate to its date, 
the height of the line being inversely proportional to the 
thickness of the growth layer. The resulting skeleton plots 
are shown in Figure 39. Photographs of two sets of samples 
are given in Figure 40--set (a) showed growth rings. set 
(b) did not. No actual measurements enter into the skeleton 
plots; the width relations were judged by eye. 

On subjecting the samples to examination using both 
a low powered microscope and hand lens, it became evident 
quite early that the nature of the species is clearly more 
important than the influence of site. Only the samples taken 
from the pine forest showed any marked ring growth. Samples 
taken from various apeewee of tropical hardwoods and soft- 
woods, for example teak (Tectona grandis), mahogony (Swietenia 
spp.) ,Yellow savonetta (Lonchocarpus punctatus), and cedar 
(Cedrela mexicana) showed no recognizable growth ring differ- 
entiation. One other immediately noticeable phenomenon was 
the multiple growth ring per year. The trees seem to initiate 
growth more than once during the year, but the possibility 
arises that in a very wet year no break in growth might have 


occurred, and this tends to upset the time scale. It is 
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Photographs of tree-cores: (a) those showing rings 
(b) those that showed no rings 


Figure 40 
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quite easy to circumvent this problem in an analysis or 
chronology based upon hundreds of specimens, so that it is 
easily known exactly when a ring is locally absent. Without 
these controls it is possible to "lose track of time" quite 
easily in a small sample, even in those samples for which 
both terminal dates are known--date of planting and date on 
which the sample was taken. Despite the large sample that 
was taken therefore, only a very small number was usable 
because of the difficulties outlined above. The wide variety 
of species in any one forest stand, and the marked tendency 
of most tropical species to show no definite growth rings 
impose grave limitation on the conclusions one can draw. It 
is with these limitations in mind that the results of the 
analysis are given. 

An examination of the "Skeleton plot" (Figure 39) 
reveals that there is no complete agreement among all the 
samples, however, there is sufficient agreement to enable 
certain general conclusions to be drawn. The majority of 
the samples confirm the decrease in rainfall amounts after 
19562. All samples give evidence that 1959 was indeed the 
driest year of the period, and that 1951 was the wettest year 
of the tree-ring record. Previous rainfall analysis showed 
that 1951 was second only to 1938 for high water surplus. 
Unfortunately the tree-ring record does not go back that far, 
The tree-ring evidence supports the findings of the water 


balances indicating further that in the period 1940 to about 
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1954, sufficient water was available during the rainy season 
to produce relatively wide rings (shown by a nn On tResplot),, 
and that the deficits were large enough to be manifested in 
relatively narrow rings. One notable disagreement exists 
between earlier findings and the tree-ring record for 1952. 
All the stations examined showed a large water deficit for 
that year (Table 17). However, all the tree-rings indicate 
a highly moisture deficient dry-season, but a rainy season 
with sufficient moisture to produce a wide ring. It may be 
noted though, that the station near which the samples were 
taken was not one of those used in the analysis of the water 
balance. 

The periodicities in rainfall indicated in the 
variance spectrum analysis and again in the water balance 
analysis are not easily discernible in the skeleton plot of 
tree-ring data. Nonetheless, the effects of the seasonal 
distribution of rainfall on tree growth in Point Fortin, 
Trinidad are quite clear. In addition the marked reduction | 
in the widths of growth rings in the decade, 1955-65 ‘born for 
the dry season and for the rainy season supports the earlier 
findings of a tendency to increased aridity during thac 
‘period. Also, the ring widths seem to be associated closely 


with the magnitudes of deficits and surpluses as shown in 


the previous section. 


The results obtained in this preliminary examination 


of tree-ring data seem to point to the fact that further 
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inquiry into dendrochronolgical evidence for climatic fluctu- 
ations in tropical regions could produce results that are 


meaninful and corroborative with Yrespect to moisture f£luctua- 


tions. 
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CHAPTER VII 
SUMMARY AND CONCLUSIONS 


Trinidad like so many other countries in the Engel eyo 
has not yet begun to appreciate the need for increased know- 
ledge of its climatic resources despite the importance of 
these resources in its development planning. The climate of 
the island over the past forty-six years has not remained 
static. Analyses of the most relevant climatic elements 
have indicated that significant fluctuations have occurred 
and in some cases trends have become apparent. The fluctua- 
tions and trends were not identical at all the stations 
analysed nor were their temporal distributions exactly simi- 
lar. Yet it is possible to make certain generalizations with 
respect to the magnitude, duration and significance of most 
of these fluctuations. 

There have been fluctuations of irregular lengths in 
the temperature of Trinidad, Superimposed On which was an 
increasing trend followed by a decrease, The rising trend 
Started around 1933 and lasted until 1958, when a decreasing 
trend set in. The overall temperature increased by about 
4.8°F. during the period of warming and decreased by about 
3°F, during the period of cooling. There is however, no 


definite indication that there has been any significant 
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change in either the mean daily minimum or mean daily maximum 
temperature, Whatever changes there may have been, seem to 
have occurred simultaneously in the mean maximum, mean mimi- 
mum, and mean seasonal temperatures, 

In the tropics, despite the changes and fluctuations 
in temperature which might have been noted in the first 
quarter of this century, temperature is not a limiting clima- 
tic element among climatic resources. If it is considered 
so, this is largely because of its role in the consistently 
high potential evapotranspiration rates. It is this feature 
of temperature therefore which makes precipitation the more 
critical and limiting among climatic elements in the tropics. 

The methods used here to investigate fluctuations in 
precipitation have given results that are similar though not 
identical in terms of the exact years when phase shifts occur- 
red. In most cases there have been lags which were not en- 
tirely unexpected as was explained in the section dealing 
with these methods. There is however, general agreement that 
not only has the dry season rainfall remained generally below 
the dry season mean for most of the period studied, but that 
there has been a tendency towards increased aridity in the 
period 1921 to around 1944 and 1957 to 1966. The decrease in 
precipitation after 1957 has been very steep at all stations 
examined. The wet season ee Gl shows two major fluctua- 
tions which occurred on the average fifteen to twenty years 
Within these major fluctuations and trends there are 


apart. 


higher frequency fluctuations of four to six years' duration, 
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The results of the comparisons of means of different 
periods undertaken to show the statistical Significance of 
Fluctuations in precipitation indicate that most of the fluc- 
tuations isolated by the other methods failed to reach the 
95% confidence limit when considered in relation to the whole 
period. When however, they are considered in relation to 
other fluctuations, they emerge as being highly significant. 
The statistical analysis gives confidence to make the state- 
ment that the period 1957 torl966 was. significantly i differ= 
ent for both rainfall seasons both in relation to the long 
term mean and to other fluctuations. One general conclusion 
that can be drawn from these analyses is that the choice of 
method for the investigation of climatic fluctuations greatly 
influences the results obtained and that conclusions drawn 
from any one method must be guarded. No attempt was made to 
ascertain the correlation if any, that exists between fluctu- 
ations in the climatic elements or the degree of interdepend- 
ence between any two ae the variates. This might well form 
the basis of another study since it is probable that fluctu- 
ations in precipitation could, for example, be tiedtantwith 
fluctuations in pressure or changes in the circulation pat- 
tern. In this regard co-spectrum, cross-spectrum and coher- 
ence-square analyses could be usefully applied. 

From: the studies on) Trinidad: (1921-1966)siteas evi- 
dent that there are fluctuations in precipitation. These 


fluctuations are apart from the normal variations that. occur 
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in the distribution of precipitation. The analysis for the 
forty-six years studied shows that there might be a regular- 
ity in these fluctuations. It is information of this kind 
which must continue to be researched if the full value of 
eee Climatic régime “is "to be ron ea The late start that 
tropical regions have had in accumulating comprehensive data 
should no longer be allowed to be a hindrance to these 
studies. If action is to be taken with regard to the utili- 
gation of climate as a resource in’ the tropics, it’ is nNeces-— 
sary to discover the patterns that exist in the fluctuations. 
For it is only if the variability of climatic elements in 
the long period is translated into some form of expectation 
that realistic forecasting and planning can be done, 

Variance spectrum analyses of precipitation data 
have shown that certain basic oscillatory periods do exist 
in Trinidad, The most prominent oscillations in both the 
annual and dry season precipitation of the island are periods 
Of 4, > and 6.6 years. 9 These periods were not equally signif- 
icant at all stations. However, the five-year oscillation 
was highly significant at the Majority of stations tested, 
A notable exception is a 2.5 year period that shows up in the 
St. Madeleine data. These results have two important rami- 
fications. Firstly, the greatest variances occur every five 
years in both the dry season and annual precipitation. In 


effect the expectation of a relatively wet year, or alterna- 


tively, a relatively wet dry season is given. On the basis 


Sivoaw is | iv - - 
ae ce oe eee Al 
ua 1 
a i? 27 ay 


| 7 . * nn 7 buy . Bap 
. reat i i af 4 on 
' i A 


pa a em 


7 
7 
, | re ant ) i . 1 ee } ) \ 3 . 
_ctaetidt. e846 to  nodeet brig 

. Wa eae its ; 
1 ; 7 - . in a ‘ 4 nit’. yy! ae er ‘ee: ae 
ay icy Kf Weak ae an 
ot pamedgeliee £0 onedtd 


ye a 
y Se Sr 
ss - 4 od a7 A ae Pane e, 
¢ rn ec : 
' vv ¢ 
4 ~ i ny < soni - ‘s : _ 4 
LiL Sake ges. £ ‘- = 
at oa 
7 Ma it 7 
‘ jul aie x 
a * i.  & 
S ee , i Ly wi Li £9 3's 
Mee 4 : 


a 
j 
i, Fe * ~¢ 
“ f ree e ped Lia. 
/ pe 
{ ‘ 7 & . 3 ~ | A S & a 
: y Wel 
i h = H T ' i 
» - ~ * % _ 9% rer 7 
, a ~ 5.28 a | patioke 4. = 
ue bea 


/ . A 7 
} vi 
. ‘ ; zi » (ry eas 3 a oe is] 
? by Ls a 
; wey 
) 36 wrkiidetway eag- ah yin: = 
7 : ; 
; eh da 
oh > . i 
tee otn2 BDadeladaerd ef eo.ieq 
Fi ta _ 
‘ A, St DR Td: * 7 ‘wig 
. ‘ ‘ a Fi p - ) 
\, neo Se Gao Brees Some erbpangex62 siteils 3 
ry i” . 7 ’ 7 . j z 
= r ny 7 . : Pom ie ix 


Jaci qinase Fo eek AS wha 3 chy re 
: ' ' y Bl Loy pe mm = 4 bee Cer, wy _ ls an 7 
jase tihad ogden’ db ake ins *) todd, orwerk 2 OVE 

ae | : ia on) a “bet 
Phe te ra eh ati erg. mo eet baka + 
ae 2 rons 


J wy a i ot 


piet seis Tio ‘but itastads ene. 


forel na ai CAL 


.vipy Yon Saami eedaing mel 


Lo 


i 


sisaiphialrt: at sailuah = 
: i A = t. mm 
>. Zhe jad 9 donna eth? 96 | 
a! te Ot te cee 
anit of qu? Swe ren TT e! Net een (to a noe 
ras * amie ible 
eines dna we ete) vent wetsine ati 
; . ; ay : ry ae nf 5 al : 
{23 Y2GNe Seopo ees naratt hs ”,s J22 oaseug ait oy «etouzne + 

y tale 
ei at on Lectnas tre ae pegs: 
sa " 7 oe 
Le “oe .2aey' tov We het ih a 


~agues 


a pay | 
oe saath | et ave a fe 


non i j a, 
"Thy ee Ge 


150 
of this, it is possible to plan for the four relatively dry 
years with respect to water supply. The possibility exists 
that oscillations with the same periods may not repeat ex- 
actly in the next forty-six years, but it is equally true 
that in the field of climatology as in hydrology it is only 
by analysing the past that the future can be assessed on a 
pecobability basis, 

Secondly, the scale of the oscillations points the 
way to further research. If it is accepted that the oscil- 
lations are real, it would appear that the mechanisms gener- 
ating them might be meteorological rather than astronomical 
in nature. Therefore, any further investigation into the 
generating processes may very well be done with a basis in 
meteorology rather than with an eye to sunspots or such 
other phenomena, 

It was argued in Chapter IV that while statistical 
analysis is important, the significance of observed fluctu- 
ations may be assessed from other points of view; conse- 
quently, corroborative evidence for climatic fluctuations 
were sought in the water balance and in tree rings. The 
analysis of the water balance confirms the significance of 
the five-year oscillation and indicated the same fluctua- 
tions in deficits and surpluses as were shown in the analy- 
sis of precipitation. It further shows that the deficit that 
occurs in the dry season of almost every year can be quite 


variable but always substantial, and points to the need ron 
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irrigation during that season if enough soil moisture is to 
be available for plant growth. The deficits alluded to here 
relate to the plant-soil-atmosphere system and disregard for 
the moment the consumptive use of water for domestic and 
industrial purposes. If the latter is added the overall 
deficit becomes more significant. If the evaporation values 
recorded at Piarco during 1968 and 1969 (Table 16) are taken 
aS measures of the evaporative power of the atmosphere under 
the prevailing climatic conditions, it is seen that the 
potential evapotranspiration or the basic moisture require- 
ments of the island is, on the average 15.5 inches (395 mm.) 
during the dry season and 12.5 inches (318 mm.) during the 
rainy season. If during any one of these periods this 
amount of water is not available through precipitation a 
deficit exists. Further, when there is a diminution of 

total rainfall, there is invariably an increase in the poten- 
tial evaporation or water need in the tropics, The mean dry 
season rainfall is 11.6 inches, indicating that in an average 
year the régime cannot meet the average water requirements 

of the dry season. 

The water balance is a useful climatic indicator 
when used with reference to rainfall variability and the suf- 
ficiency of moisture in any region of the world. This is 
because of the role of evapotranspiration as one of its com- 
The evapotranspiration concept ties the water 


ponent parts. 


balance to the energy balance in a way that makes it feasible 
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to assess the water needs of a region if the energy input is 
known and if precipitation data are available. It is a con- 
cept that is universally applicable, 

ENGFeasingd y: 1b is Ltr realized that economically 
there is a pressing need to utilize and develop climatic re- 
sources to the maximum. This is particularly true of the rain- 
fall resources in relation to the water demands and economic 
activities of Trinidad's population. It is, the spatial dis- 
tribution of rainfall over the island which provides the 
primary water potential, but equally important are the changes 
in available amount with time. Exploitation and supply must 
necessarily be related to this, although actual developments 
may be controlled by a wide range of factors. In order to 
assess the role played by climatic conditions in producing 
and solving water supply problems in the island, it is essen- 
tial that the relevant non-climatic conditions should also 
be considered. 

The demand for water in Trinidad has increased con- 
siderably in the past thirty years. The rapid growth in pop- 
ulation (a threefold increase), the tendency to urban.expan— 
sion, and changes in agricultural techniques have all contri- 
buted to this increase. The actual use of irrigation on a 
major scale is at present limited but it is increasing 
rapidly in some areas especially in the truck-farming zones 
of the Caroni and Naparima plains. This automatically means 


an increased demand for piped water in rural areas for 
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agricultural purposes, In addition, domestic demands are 
steadily increasing as new houses with modern plumbing 
replace ill equipped older houses. The demand is further 
accentuated by the traditional use of the garden hose for 
watering and for washing of automobiles. Industrial demand 
continues to mount as Trinidad's manufacturing capacity 
increases and especially as the water consuming industries 
expand, Moreover, urban and industrial increases are not 
uniformly spread over the island. Rather, they are exces- 
Sively concentrated into relatively limited areas which 
receive low to moderate rainfall, and in which the coeffi- 
cients of variation are very high. The water shortage is 
thus accentuated by the concentration of high demands in 
relatively compact areas, the surrounding environment of 
which cannot cope with the demand. 

On the supply side, the island must depend on precip- 
ieationwdi rectily,*andvon’ that’ partiof ithe) waterisuuplusi whach 
may ultimately be eee from underground sources or from 
surface flow. Surpluses are affected by atmospheric proces- 
ses and by the variability of and fluctuations in precipita- 
tion in any given period, and it has been indicated that 
both seasonal and annual precipitation have fluctuated with 
what appears to be an organized regularity. The main source 
of supply therefore, is variable in amount and over time. 

The potential evapotranspiration demand, tied in as it is 


with the energy input remains, on the other hand, relatively 
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constant, so that, other things being equal, fluctuations in 
precipitation prove to be an important factor in water supply. 
In addition, changes in the surface characteristics of the 
island may adversely affect not only surpluses but also under- 
ground sources. Land use tendencies affect run-off rates, 
percolation rates and evaporation. The present tendency to 
deforestation attendent upon increased agricultural acreages 
and the drive to urban expansion with its concomitant 
eae paved surfaces are two cases in point. 

The final report of the Water Resources Survey (1969) 
emphasized the need for exploiting the ground water resources 
as an alternative source for urban and industrial areas on 
the grounds that a large supply is available and that its 
exploitation is more economical at present. While it can 
be argued that the exploitation of the underground sources 
Will provide a‘supplyvithat will besrelativelyyrelaableyeand 
for a time at least, be free from the vicissitudes of climate, 
the surface changes referred to above will adversely affect 
the recharge rate of this sourceof water inuthe Long ‘run: 

It seems a more plausible proposition to face the realities 
of the dynamism of climate and take cognizance of the fluctu- 
ating and oscillatory nature of precipitation in any proposed 
plan for water supply in the island. The statistical tech- 
nigues used to show the features of the climate of Trinidad 
over the past forty-six years should be applied again when 


more data become available for more stations over the country. 
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tgs gs. 
Hydrological studies which recommend the explor atlonro£E the 
underground sources on the basis of their relative economic 
cost at present must take account of those features of land 
use which may, in the long run, diminish the recharge of 
these sources, 

The demand for water is increasing generally, and 
regional shortages are becoming accentuated, but there is no 
indication that the supply is increasing. The annual varia- 
tions in precipitation are still in evidence and the vari- 
abality of dry season rainfall is still very high. More 
important is the fact that over the past forty-six years 
there has been a tendency towards increased aridity during 
the dry season, although the wet season precipitation has 
been adequate for the water needs of the island during that 
season. In four years out of every five the climate is un- 
able to satisfy the water requirements during the first five 
months of the year and in some years deficits show up in the 
period October to November. While population density was 
low, urban agglomeration limited both in number and in size, 
public health and sanitation negligible, and agricultural 
and industrial techniques poorly developed, it was possible 
for fairly adequate supplies of water to be Obtained from 
local sources anywhere in the country--fluctuations in pre- 
cipitation notwithstanding. As these factors have changed 
over the past fifty years, so the exploitation of the clima- 
tic resources for water has become more intensified and the 


areas for future expansion more limited. On the basis of the 
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information assembled in this study, dry season precipitation 
is always inadequate, and if the régimes of the past forty- 
six years repeat themselves in the future there will be groups 
of years in which ate deficits will be very substantial. 
There is therefore a need for more studies as relevant data 
become available. These studies are important not only for 

a better understanding of the mechanisms of precipitation 
Occurrence, but because the knowledge obtained can be used 

LO peeees any economic disappointments and for long term 
planning. It is now on the high rainfall areas of the up- 
lands that the island must rely for its water supply. This 
implies that steps would have to be taken to increase stor- 
age facilities by planning the strategic location of reser- 
voirs in areas where the demand is relatively low and 
transport the water to areas where the need for increased 
supplies is of immediate urgency. 

It is-quitempossible that; climaticefluctuations .of 
the type discovered in the Trinidad data may also exist in 
the data of other islands in the West Indies. It is also 
possible that the islands so affected may be facing the same 
problems as Trinidad. While therefore, it is useful to 
investigate the climate of individual islands, it is likely 
that a regional approach to studies of this kind will be of 
immense value. They will make for a better understanding of 
the regional rainfall climate and may even provide some 
insights into the mechanisms operating to produce climatic 


fluctuations in that part of the tropical world. 
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